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SBCTION 1
INTRODUCTION

Laser cooling of neutral particle beams provides a promsising
mechanism for reducing the divergence of the relativistic atomic
beams presently being considered for i1nclusion i1n space-based
weapons systems. The nature of the cooling process 1s such that
the emittance of the resulting beam 183 not subject to the
constraints of Liouville’'s theorem, as are magnetostatic or
electrostatic focusing systeas In static focusing systems, the
emittance of the beam, which 18 proportional to the product of
the beam size and the beam divergence, 1s a conserved quantity.
Thus, the only way to reduce beam divergence 1s at the expense of
beam size. Laser cooling permits beam divergence reduction
without increasing beam size Smaller beams permit smaller
optics in the accelerator, thus reducing the size, weight, and
cost of eventual weapons systems

Interest in laser cooling technologies has also recently been
expreassed in the related area of atomic trapping. Neutral
particles can be trapped in an electromagnetic field and confined
there for extended periods of time Applications of such trapped
particles include precision atomic spectroscopy and containment
and study of anti-matter. Atomic spectroscopy has DoD
applications in precise atomic clocks and frequency standards.
Anti-matter containment is important in concepts currently being
considered by the Air Force for use in exotic fuels and weapons.!

Under this contract, we studied three areas relevant to the
cooling and trapping of neutral atoms in electromagnetic fields.
The first of these areas was the Optical Kapitza-Dirac Effect
(often referred to as the Optical Stern-Gerlach Experiment) which
concerns the result of the interaction of an atomic beam with a
resonant or nearly resonant standing wave. The onset of this

effect provides one of the fundamental limits in one of our
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proposed cooling schemes In addition, the effect provides an
interesting manifestation of the fundamental interaction between
atoms and light.

In the second area of study, we measured the two-photon
ionisation cross section of atomic hydrogen at 12186 A, the Lyman-
alpha (Lg) resonant transition from the ground state (1s) to the
first excited state (2p) This two photon cross section will
limit the maximum cooling rates possible for a beam of hydrogen
atoms If the laser beam is too 1ntense, a significant
proportion of the neutral atoms will be i1onized during the
cooling process.

Our third area of study under this contract the development
of the concept of % -Pulse Cooling Under appropriate
circumstances, %-pulse provides a means for faster cooling than
1s possible with the conventional steady-state radiation method.

Section 2 of the report 1s a review of the physics of the
interaction of laser radiation with neutral atoms, as applied to
the studies done in this program. The section emphasis is on how
radiation forces can be used to cool and trap neutral atoms. The
following three sections discuss our research in the areas of the
Optical Kapitza-Dirac Effect (OKDE), hydrogen resonant two-photon
ionization, and #-Pulse Cooling. Section 6 summarizes our
research results and puts them in the perspective of current
research efforts in laser cooling and trapping. Implications of
laser cooling and trapping for current and future DoD projects is
mentioned and we also make some suggestions for further research
in this area. The final section is a list of publications
stemming in whole or in part from this contract. For the
reader’s convenience, we have included the full text of each

publication.
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SECTION 23
REVIBY OF THBR PNYSICS OF ATOMIC BEAM-LASER INTERACTION

When an atom interacts with an external electromagnetic
field, the center of mass motion of the atom is modified by the
recoil of the atom when absorbing or emitting photons. Under
appropriate conditions, the collective atomic recoil serves to
reduce the momentum spread of an atomic sample (laser cooling) or
to produce a diffraction pattern from a beam of atoms (the
Optical Kapitza-Dirac Effect)

In this section, we will review some physics necessary for
understanding the most prominent features of these two effects.
In addition, we will present several techniques that could be
used to cool an atomic sample. The theory of the Optical
Kapitza-Dirac Effect will be developed in Section 3. Details of
the specific theoretical and experimental developments achieved
with the support of this contract will be discussed in
Sections 3, 4, and 5.

The Hamiltonian for the interaction of an atom with a laser

field can be written in the form

+ Hg+ H

H = Hye Hpe Hpe Hoy (z.1)

Hy is the Hamiltonian for the internal atomic degrees of freedom.
For the purposes of the following discussion, we will assume that
the unperturbed atom can be accurately modeled as consisting of
two levels, a ground state, |a>, and an excited state |b)> (see
Figure 1). H; represents the coupling between the
electromagnetic fields and the atom. In the cases we will
consider here, the dominant contribution to H; is given by

H; = -u*B, where 4 is the atomic dipole moment and B is the

electric field. Hi is the free-field Hamiltonian for the

electromagnetic field. H¢, represents the center of mass motion

of the atom, where H., = p?/2m.
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Figure 1 Two level atom eigenstates and energy levels.
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In the low intensity limit, the eigenstates of the atomic and

electromagnetic fields are decoupled, and the internal and
external atomic states are independent of the intensity of the
electromagnetic field. In the high intensity limit, the
electromagnetic field serves to mix the unperturbed atomic
eigenstates. This mixing can be most easily handled by replacing
the "pure" atomic states with "dressed states" (eigenstates of
the atom plus laser field system), which will be denoted as |+,n)>
or |-,n>, where n is the photon number of the state.

The dressed states occur in doublets, each state consisting
of a mixture of the two states |a,n+1> and |b,n>. Let & be the
detuning--the difference between the laser frequency w_ and the
transition energy E,-E,. We will denote the Rabi flopping

frequency as wg, where
wp = uE/A . (2.2)

The quantity p is the dipole interaction matrix element e<b|r|ad
and E is the electric field vector. If the phase of the dipole
interaction matrix element is chosen to be real, the amount of

mixing of the two states is governed by the intensity dependant
4

expressions
l+,n> = cos(@)la,n+1> + sin(8) b,n>
(2.3)
l-,n> = -s8i1n(@) 'a,n+1> + cos(8) b,n>,
where the mixing angle 6 is defined by tan(8) - (0 6) wg and I 1s
defined to be (6%?-w@)® *® The energies of the two eigenstates
are
E S, 4
Iy vy 2 2
2 4
£ 6
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A number of schemes have been used to cool a gas by taking
advantage of the exchange of momenta between photons and the :
constituent atoms of the gas. Four general schemes have been
proposed, which we will designate as collisional, spontaneous,
stimulated, and w-pulse. Realizations of each of these schemes

will be discussed below.

1. Collisional Cooling

An example of a collisional cooling scheme is shown in ;
Figure 2. A laser is tuned to the red side of an atomic "
resonance, exciting the atom from |a> to |b>. The atom 3
spontaneously decays from |b> to |a)>, losing an energy E,-E,, :

slightly more than the energy of the exciting laser. The extra
energy is lost in collisions with other atoms in the gas. This
technique is the least efficient of the laser cooling prospects
we will discuss. The change of momentum per absorbed photon 1is

typically only a fraction of the photon momentum.

2. Spontaneous Cooling

A much more efficient technique for cooling atoms is what we
call spontaneous cooling. A group at the National Bureau of

Standards was able to use tnis technique to cool a thermal beam

of sodium atoms down to a temperature of 100 mK ° Figure 3 :s an
illustration of the technique we original.v ernvis:rned for
transverse cooling of a relativistic atomic tean 'y SpontaLecus :
cocling In this technig.e, two .aser teams are ... ident o i
either s:de of the atomic beam t¢, e (., e Tre freguency o ¢ ;
the light seen 1i1n the res' frame .f ea. t avrm w... t+v Dopp.er .
shifted to a rnew frequern.y o  whirl, depenads o "te o ity LY
the atom If fp 1s the speead - f tne a*Hom .: Lr.'s ¢ *te speed ¢
light. and 7- 1 g% * % +re frequency . is RLvenoTa
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LASER BEAM 1

RESONANT WITH LASER
BEAM 1, BUT NOT 2

16928-3

) LASER BEAM 2

RESONANT WITH LASER
+— BEAM 2, BUT NOT 1

Ve

SPONTANEOUS DECAY
(ALL DIRECTIONS)
LASER

(ONE DIRECTION)

Figure 3. Spontaneous cooling scheme. Atoms moving towards
laser beam 1 are resonant with it, but non-resonant
with laser beam 2. They are "pushed" away from
laser 1 by the recoil of the absorbed photon from
laser 1. Since the atom scatters the absorbed photon
into 47, the net effect of the fluorescence is O.
Atoms moving toward laser beam 2 are likewise moved
toward a central trajectory.
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As indicated in Figure 3, 6 is the angle between the laser beam
and the atomic velocity vector. In the non-relativistic limit of
velocities much slower than the speed of light, this expression

reduces to

v -v = -kev/2% (2.8)

where k is the wave vector of the laser beam.

Spontaneous cooling techniques take advantage of this
inhomogeneous Doppler shift to cool the atoms in the beam. For
simplicity, imagine a beam in which all of the atoms have a
uniform speed, but slightly different trajectories. The cos(8)
term of Eq. (2.5) will cause the resonant frequency of each atom
to have an angle-dependent frequency shift. Thus the laser will
only be resonant with atoms within a narrow angular range. These
atoms will pick up one unit of photon momentum, kk, as they
absorb a photon from the laser beam. An equal amount of momentum
is lost when the photon is reradiated as the atom relaxes to the
ground state. However, the photons absorbed from the laser are
all in the same direction and their effect is cumulative. The
photons radiated by the excited atoms are radiated into a 4«
solid angle. The effects of the radiated photons average out to
zero.

In the setup illustrated in Figure 3, atoms moving away from
the central trajectories of the atomic beam will be "pushed" away
from the lasers they are moving toward. Atoms moving on the
central trajectory or away from a particular cooling laser will
not be non-resonant with the laser light and therefore
unaffected. As the cooling process continues, the distribution
of atomic resonance frequencies will shift toward the frequency
of the atoms with the central trajectory. To further cool the
distribution, the laser frequency needs to be shifted to remain

resonant with atoms on the periphery of the velocity

distributions. Alternatively, an external electric or magnetic

PE R AR LR AT TR
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™ field or both, could be applied to slightly shift the atomic

) resonance via the Stark or Zeeman effects as the distribution is
cooled.

¥ The fact that all real beams have a non-zero spread in atomic

} velocities slightly complicates the process of spontaneous
cooling, because the frequency shift of the atoms depends on
their speeds as well as on their trajectories. For example,

™ consider a beam of 250-MeV hydrogen atoms with a gaussian

momentum spread ap=px10", which is being cooled by means of the

Ly transition at 1216 A. Assume that the angular divergence of

the beam is one mrad. If the cooling laser is oriented 75° with

) respect to the atomic beam, the velocity variations in the beam

; result in a variation of 60 GHz in the required resonant laser

Y frequency. The trajectory variations in the beam will require

only a 1.6-GHz frequency spread. In short, there is a problem in

that the frequency shifts caused by the divergence could be

masked by those caused by longitudinal momentum spread.

Fortunately, this problem can be solved by an appropriate
orientation of the cooling lasers. If the angle between the

beams is chosen to be the so called "magic angle" 6,_,, given by

TaTs 2 a e N

Om = arcos(f) , (2.7)

the effects of speed variations on the frequency spread in the
atoms will be minimized. In the example above, the velocity
variations in the beam will then result in a variation of only
8.6 MHz in the laser frequency. The trajectory variations will
demand a variation of 2.5 GHz. With a non-relativistic beam, the

) magic angle reduces to 90°, as would be expected from Eq. (2.7).

2. Stimulated Cooling .9

A disadvantage of the spontaneous cooling mechanism outlined ’

above is that the minimum cooling time is limited to

16
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T = 27kk/v (2.8) R

perp '’

where 7 is the spontaneous decay lifetime, k is the photon wave

vector, and v is the maximum transverse velocity component of

perp
the atomic beam. With an intense laser beam, it is possible for

the stimulated decay rate of the atoms to greatly exceed the
spontaneous decay rate. Aspect et al.? have demonstrated such a

4

cooling scheme®, utilizing stimulated emission that reduced the

cooling time by an order of magnitude over that achieved by the

PR AR L

spontaneous process. Their non-relativistic approach consists of
passing the atoms through a standing wave that is tuned to the
high energy side of an atomic resonance frequency. The standing 2
wave provides a periodic spatial intensity distribution that .
induces a spatial periodicity in the energies of the atomic
states, as illustrated in Figure 4. The admixture of unperturbed
atomic states in the dressed |+> and |-> states also shows a E
position dependence. :
Consider an atom with a velocity that has a small transverse v
component along the periodicity direction of a standing wave. If
the atom begins in the |+,n> state at a node of the standing
wave, cos(6)=1 and the atom is in a pure |a,n+1> state, and at 2
the node of a transverse potential well. As the atom 3
adiabatically moves to an anti-node in the distribution, some of
the |b,n> state is mixed into the configuration. Spontaneous

decay to a |+,n-1> or a |-,n-1> becomes possible. Upon decay to

a |-,n-1> state, the atom will again find itself at the bottom of

a transverse potential well that it will climb again. The energy .

required to climb the potential well creates a drag force, which "3

serves to damp out the transverse velocity component of the beam.
This technique shows promise for greatly enhanced cooling 0\

rates without saturation. Further research should be pursued how

this method could be applied to cooling a relativistic beam.

17 .
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DRESSED ATOM
ATOMIC ENERGY
LEVELS

STANDING

WAVE

INTENSITY
0

/\
<

|+ > STATE

|- >STATE

Figure 4. Position-dependence of "dressed" atom energies
states in a standing wave.
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8. #-Pulse Cooling

Another way to improve on the cooling rate limit of
spontaneous cooling is to stimulate radiative decay rather than
wait for the excited state to decay spontaneously. By
appropriate selection of the duration and intensity of the
cooling pulses, it is possible to obtain a unit probability of a
transition from the ground state to the excited state, or vice
versa. Such a pulse is called a w¥-pulse. Cooling an atomic beam
with this technique is illustrated in Figure 5. The atom is
originally in the ground state when it is hit with the first
7 pulse. This pulse gives the atom a unit probability of being
in the excited state, and transfers one unit of photon momentum
to the atom. A second 7-pulse is then applied from the opposite
side of the beam to stimulate the atom back down to the ground
state. The atomic recoil from the second pulse is in the same
direction as the momentum picked up from the first pulse. If the
Doppler effect is used to act selectively on only those atoms
moving towards the source of the first pulse, this process is
very similar to the spontaneous cooling scheme. The w-rulse
cooling rate will be given by the stimulated decay rate, which is
much faster than the limiting spontaneous decay rate of the
spontaneous cooling process.

Further details of this process can be found in Section 5 and

in the Palmer and Lam paper included in the Publications section.
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TWO-LEVEL -PUL
ATOM PI-PULSE

Pt-PULSE

Pl=hk 1P1=2hk

s

PI-PULSE

Figure 5. ~-pulse cooling scheme. Atoms are hit with a #-pulse
while in the ground state, giving them one unit of
photon momentum. The atoms are then stimulated back
to the ground state from the opposite side, giving
them another unit of photon momentum in the same
direction.
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SECTION 3 :

»

OPTICAL KAPITZA-DIRAC EFFECT

A. INTRODUCTION

The Optical Kapitza-Dirac Effect occurs when a beam of atoms K
passes through a standing wave region of resonant or near
resonant radiation. A physical picture of many of the aspects of ‘

this effect can be obtained by considering the energy levels of

the dressed atomic states in a spatially modulated laser field. i
If the atoms enter the interaction region adiabatically from the L
ground state, they will stay in the |+)> state during the v
interaction (in the absence of spontaneous decay). The gradient }
of the field intensity results in a position-dependent force :j
being exerted on each atom. An initially well-collimated beam X
will acquire a transverse velocity distribution as illustrated in K,
the smooth curve of Figure 6. A full quantum-mechanical N
treatment of the effect results in a curve consisting of discrete \?
lines, as shown in the second curve of the figure. The discrete >
spectrum results from the fact that momentum transfer to the atom &
is always in the direction of the laser beam, and occurs in .
discrete units of the photon momentum. s;
A semi-classical calculation of this effect was done first by
Cook and Bernhardt.® Later refinements by Bernhardt and Shore,® N
Arimondo et al.,’ and by Tanguy et al.®'? involved quantizing the N
radiation field, detuning from resonance, considering the effect N
of spontaneous emission, developing a Gaussian laser beam ;
profile, and misaligning the laser and atomic beams. B3
Concurrent work on this effect has been done by Pritchard’s k
group at M.I.T., in which they obtained similar results to those e
reported here.!® b
X
K
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Figure 6. Optical Kapitza-Dirac Effect: theory. The momentum

distribution function for 17 = 50 (after Ref. 7). The K
discrete lines represent the quantized nature of
. . “ »
momentum transfer. Every other line is omitted. The
smooth curve represents the quasiclassical
: calculation. 3
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B. THEORETICAL STUDIES

The current understanding of spontaneous radiative cooling is
that the optimum intensity for cooling is equal to the saturation
intensity of the atomic transition. This conclusion raises the
important question of how is the atom’s translational motion
perturbed by such a strong laser field. Past studies of atom-
laser interactions point to the fact that in the regime where the
laser intensity is equal to or greater than the saturation
intensity of the atom, the atomic structure is significantly
modified, and it is not possible to treat the atom and the
radiation field as separate entities. Therefore, we must
approach the problem from the quantum electrodynamics (QED) point
of view. The essence of this approach is solving the entire
problem of the atom plus field exactly (i.e., finding the
eigenstates of the total Hamiltonian. We then use the exact
eigenstates to construct experimental observables. For atomic
motion, the observable is the momentum distribution of the atoms
in the presence of the radiation field.

This technique, called the dressed atom approach, was
pioneered by Cohen-Tannoudji in his studies of resonance

fluorescence in intense fields.!!

The term "dressed" atom has an
intuitive appeal because the eigenstate of the total Hamiltonian
contains the photon number states, which can be interpreted as
the "cloth" for the "bare" atomic states. In QED terminology,
the physical properties of the atom have been renormalized by the
presence of the photon field.

This section develops the dressed atom solutions in several
stages. First, we will discuss the bare atom plus photon states.
Then we will introduce the concept of electric dipole coupling

for generating the dressed states for a unidirectional photon

field. We will then generalize the dressed states to
bidirectional photon fields (i.e., the standing wave problem).
23
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Consider the two-level system, shown in Figure 1, where l|a)>
and |b> are the ground and excited states respectively. The

Hamiltonian of the bare atom plus photon field is given by
H, = p?/2M + L hwy bg'bg + L hw, (a,%a, + 1/2) , (3.1)

where p2?/2M is the kinetic energy of the center of mass of the
atom, hwy is the energy of the atomic state la>, and by and by*
are the respective lowering and raising operators respectively.
In terms of the Dirac Ket and Bra notation, bg*by = lad<al. The
term hw, denotes the energy of the photon having wavevector k; a,
and a,* are the annihilation and creation operators,
respectively, for the photon field. The sum over k is over all
values of k and polarization states of the photon field. The

eigenstates of H, are given by
fp,a,n,> = Ip> x lad> x Iny> ) . (3.2)

where Ip> is the eigenstate of p?/2M, and In,> is the eigenstate
of In,>. The product sign indicates all possible product
combinations. The direct products of "bare" states in Eq. (3.2)
are a result of the fact that the Hamiltonian does not contain
the coupling between the atomic and photon fields.

To generate the dressed states, we start with the Hamiltonian

for an atom interacting with a single-mode photon field,
H, = p?/2M + L hwg bg*bg + V(t) (3.3)

where the electric dipole coupling to the radiation field is

given by

V(t) = (1/2) w*E, b,"b, a exp( ik*R - wt)
~(1/2) p.E, b,"b, a' exp(-ikeR + wt) (3.4)

BN B IR AN LGN
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and where E, = i(kw/2€,v)!/? is the amplitude of the photon E
field. In the derivation of Eq. (3.4) we have invoked the ;
rotating wave approximation. It should be noted that the ]
Hamiltonian H; describes the atomic system only. The total ;l
Hamiltonian is generated by means of a unitary transformation, &
which does not change the physical description of the 5
observables.
The Hamiltonian H, satisfies the Schroedinger equation ;
ihd 1¥>/0t = H; ¥> , (3.5)
which is time dependent since V(t) depends on time through the §
phase wt. 1In the Schroedinger picture, the eigenstates of an ;i
operator must be time independent. Hence it is desirable to work :
in a reference frame where V is time independent. Let us %‘
introduce a unitary transformation, U =exp(iHst), where :%
Hy = hw(a‘*a + 1/2), so that ,\.
2
v> = U 1é> (3.6) K
N\
where |®> is the state vector in the new frame of reference. Iy
Carrying out the transformation for the Schroedinger equation
(Eq. (3.5)], we find that (9> satisfies
ik 810>/8t = Hy 10> (3.6) \
with o~
H, = H*, -(1/2)uE, b,"b, a exp(ik*R) p
-(1/2)uE, b,"b, a' exp(-ik*R) |, (3.7) R
v
where the superscript s denotes a single mode radiation field in E'
Eq.(3.1).
The eigenstates of H, can be found by solving the eigenvalue X

problem,




t Hy, 12> = A 12> (3.8)

where
) 16> = exp(-iAt) I+> . (3.9)
.
' They are given by
i+,n> = sinflp ,b,n-1> + cosflp,a,n> (3.10)
l-,n> =-cosflp ,b,n-1> + sinflp,a,n> , (3.11)
with
sinf = <blH,la>/N (3.12)
% cosf = (E - A,)/N (3.13)
! N={ (E-A,)?% + I<blH,ta>1? }1/2 (3.14)
<blH,la> = -(1/2)uE, (n)!/? <p'texp(ik*R) Ip> (3.15)
E=(p)2/2M + hw, + hw(n - 1/2) (3.16)
: A, = (E+G)/2 +{ (h6)? + 4C /2,2 (3.17)
G = p?/2M + hw, + hw(n + 1/2) (3 18)
C=(1/4)14E 1% n 1<p lexp(i1keR)Ip>i? (3 19)
5 = { (p')? p? } 2MR - A . (3 20)
with p° . p - hk by conservation of linear momentum

ORI



Figure 7 shows the energy levels of the bare atom plus field.
Figure 8 shows the energy levels of the dressed atom. The energy
separation of the dressed states, |+> and |->, is given by
Kl = h(5%+4C)1/2, the generalized Rabi frequency. It should be
noted too that the atom can absorb from, and emit to, the photon
field many times. Hence the dressed atom consists of an infinite
ladder of pair states as shown in Figure 9. The dressed states
[Egqs. (3.10) and (3.11)] are the main results of this section.

We can write the eigenstate equation for a bidirectional
photon field analogously to the calculations for a dressed atom

in a unidirectional photon field as
H3 |D,> = A; |D,> y (321)
where the Hamiltonian H; is given by

Hy = H,*- " -(1/2)pE, b,'b, {a,e'*°R 4+ a_,e " **R
3 o b a

k€

-(1/2)pE, b,*b, {a,’e'**f 4+ a_,"e"P**F}y | (3.22)

and where the subscripts k and -k denote the bidirectional

wavevectors. The Hamiltonian H,®*'“‘ is given by

Hog_', - p2/2M + ): hwa ba'ba + r)w (a‘k’a'k + 1/2)
+ hw (a_, ‘a., + 1/2) . (3.23)

A direct computation of Eq. (3.21) gives the following expression

for the bidirectional dressed eigenstates:

ID;,n,,n_,> = sing; sinf; Ip',b,n.,n_,-1>

. »
+ cos¢,; sinf; |lp ,b,n,-1,n_,> (3.24)
+ cosf,; Ip,a,n,,n_,> )
&4
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Figure 7. The bare atom plus field states.
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Figure 8. The infinite ladder of dressed states.
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where

cosd; = 1/N; (3.25)
cos®, sind; = <blH, la>/{ (F-A;)N; } (3.26) -y

sind; sinf; = <blH, " tad>/{ (BE-A;)N; } (3.27)
N; = {1+ I<biHy la>I?/(F-A;)?2 3

+ I<bIH, " 1a>12/(E-A;)? ) (3.28)

E=(p')?/2M + hw, + hw (n, + n_,) (3.29)
F=(p')%/2M + hwp, + hw (n, + n_,) (3.30) 5

G =p?/2M + hw, + kw (n, + n_,) (3.31)

<b|H3'|a) = (1/2)“E° bb’b.{(n.)l/z <p'|eik0ﬂlp>

+ (n_ )M <pllem R pyy (3.32)

Here the expression with the superscript " is obtained from those E
with superscript ’ by the interchange of the corresponding N
momentum. The dressed state energies A, are roots of the cubic a
equation, S
(E-A) (F-A) (G-A) - I<bIH; 1a>1? (E-A) N
- I<bIHs " 1a>12 (F-A) = 0 . (3.33) .

"

Figure 10 shows the eigenstates of the bare atom plus the ¢

’ . 2L

bidirectional field. The frequencies § and § have expressions \
identical to those defined for §. The superscripts ' and " stand ;
for the momentum p = p + kk and p" = p - Kk, respectively. -
Figure 11 shows a set of triplet dressed states. The frequency N
separation can be found by solving the cubic Eq. (3.33). N
N
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Figure 10. The bare atom plus field states in a
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Figure 11. The dressed atom states for a
bidirectional photon field.
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Eqs. (3.24) constitute the main result of this section. A word
‘ of caution is necessary about the regime of validity of our
‘ solutions. The dressed atom solutions are valid provided that
the laser field is tuned off resonance by more than a natural .
linewidth. Otherwise, there will be interference effects arising .
from the standing wave, leading to a far more complicated
solution of the problem.

In summary, we have presented an exact description of the

dynamics of two-level atoms in the presence of photon fields. :’
The generalization of the stationary "dressed" atom approach to v
moving atoms shows that the dressed energies and states depend on
the linear momenta of the atoms and photons. For a
unidirectional photon field, the dressed states are given as a
linear coherent superposition of two bare atom plus photon field N

states: the ground state of the atom moving with momentum p and

having n photons present, and the excited state of the atom ;
moving with momentum p' = p + Kk and having n - 1 photons 1
present. The frequency separation between the two dressed states 2
is given by the momentum-dependent Rabi frequency. |
In bidirectional photon fields, the dressed states are linear 2
superpositions of the three bare atom plus bidirectional photon ;
field states: the ground state of the atom moving with momentum E
p and having n, and n_, photons present; the excited state of the
atom moving with momentum p’ = p + hk and having n, -1 and n_, p
photons present; and the excited state of the atom moving with w
momentum p' = p - hk and having n, and 2
n_, - 1 photons present. The frequency separation among the -
three dressed states is determined by the solution of Eq. (3.33). v
These solutions constitute the starting point for the ;
calculation of the momentum distribution of the atoms in the P,
presence of a resonant photon field. An inspection of the »
dressed state coefficients shows that for a bidirectional field, a
:
iy
5
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an initially symmetric single peak momentum distribution function

yields a symmetric splitting around the initial maximum, giving
rise to the Optical Kapitza-Dirac Effect. Hence the dressed atom
picture appears to provide a self-consistent approach toward the

understanding of the effects of radiation forces on atoms.

C. BXPERINMENTAL STUDIBS

We experimentally tested the predictions of the Optical
Kapitza-Dirac Effect (OKDE) theory using the apparatus whose
block diagram is shown in Figure 12. Sodium atoms originate in
an oven and are collimated by the snout and a pair of slits. The
atoms then pass through a fluorescence monitor that is used to
monitor the beam density and the laser frequency. In the
succeeding interaction region, the atoms are prepared so that the
only atoms present in the F=2 ground state lie within a very
narrow velocity group. These atoms are then pumped into the mg=2
state to experimentally prepare a "two state" system. The atoms
next enter the standing wave region where the OKDE interaction
takes place. The spatial profile of the beam, mcasured 1.5 o
downstream from the OKDE interaction region, permits a measure of
the ODKE momentum spread. We will discuss each of the various
components of the experiment separately, followed by our
experimental results.

A diagram of the sodium oven is shown in Figure 13. The oven
consists of a 2.0 cm diameter cylinder with a 1-cm-long
cylindrical snout. The snout has an inner diameter of 0.03 cm.

A 5.0-ym wide translatable vertical slit is located 12.5 cm from
the center of the oven to provide initial beam steering and
collimation, and is followed by a variable-width slit 127.5 cm
from the oven center, and a fixed 25-um slit just before the
standing wave region (165.5 cm from the oven center). With
careful alignment of the slits, we were able to achieve a beam
width of 175 um at the spatial beam profile monitor located at
the analysis point 123 cm from the standing wave interaction

region.
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Figure 12. Optical Kapitza-Dirac Effect: experimental
block diagram.
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Since we were using the beam spatial profile to infer the
beam momentum distribution, it was important that the
longitudinal velocities of the atoms be uniform. We used the

11 which is illustrated in

technique of Steel and McFarlane,
Figure 14, to prepare the beam so that those atoms in the F=2
ground state were within a narrow velocity group. Figure 15 is a
diagram of the hyperfine energy levels in the sodium D, line at
580 nm. We initially pumped the atoms with light that was
resonant with the transition from the F=2 ground state to the F=2
excited state shown in the figure (beam "A"). The laser beam was
oriented 90° to the beam, ensuring a zero Doppler shift. The
atoms in the F=2 excited state could spontaneously decay to
either the F=1 or F=2 ground states. Since atoms in the F=1
ground state would no longer be resonant with the laser, the
number of atoms in the F=2 state would eventually be negligible.
The second step of the velocity selection process is to pass
the atoms through a laser beam at an angle of approximately 45° .
to the atomic beam (laser beam "B" in the figure). If the atomic .
wave vector is k and the atomic velocity v, the laser frequency
is Doppler shifted by an amount -k*v in the frame of each atom.
The laser frequency was chosen to interact with a group of atoms
having a particular velocity so that the Doppler-shifted light

would be resonant with the F=1 -> F=2 transition of the sodium D,

line. These excited atoms could spontaneously decay to either ;
the F=1 or F=2 ground state. At the end of this two-step &
process, the only atoms left in the F=2 ground state were those .
atoms whose velocities were within the narrow band, permitting
them to be resonant with the 45° laser beam. We were able to l
achieve a longitudinal velocity homogeneity for these atoms of S
Av/v=0.08. The rest of the experiment was done with light that N
was resonant with the F=2 to F=3 transition, prohibiting dipole
decay to the F=1 ground state and hence optical pumping. Atoms 2
with the "wrong" velocity will not be resonant with the light, ;
and won’t participate in subsequent measurements. E
o
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The next stage in the atomic state preparation was to
experimentally realize a strictly two level system, which was
done by pumping the atoms with circularly polarized light
resonant with the F=2 to F=3 transition. A small magnetic field
of 1 to 3 gauss was applied to maintain the direction of the
induced atomic dipole, without seriously removing the degeneracy
of the magnetic substates. The selection rule for excitation is
Am;=+1, and for spontaneous decay, Amg=21,0. Thus all the atoms
traveling into the interaction region are left in the mg=+2
ground state. Light in the standing wave region was also
circularly polarized, making the only allowed transition one from
the F=2, mg=+2 ground state to the F=3, m¢=+3 excited state.

This process is illustrated in Figure 16.

The OKDE takes place in the standing wave region shown in

Figure 17. As mentioned in the preceding paragraph, the standing

wave 1s prepared with circularly polarized light so that the

X
strictly two-level characteristic of the system can be preserved. N
The precise standing wave alignment is verified by monitoring the
frequency dependence of the atomic fluorescence as a retro-
reflecting mirror is adjusted to reflect the initial forward i
traveling wave back onto itself. For gross misalignments of the ;
two beams, as the laser frequency is tuned, a double-peaked .
pattern is seen in the fluorescence spectrum corresponding to the
fluorescence from each of the two beams. The center frequencies E
are shifted relative to each other because of the slightly .
different angles (and hence Doppler shifts) that the two optical .
beams make with the atomic beam. The retro-reflected beam angle P
is then adjusted so that the two fluorescence peaks exactly 5
overlap each other in frequency. The A/4 plate and polarizer,
shown in Figure 17, provide for circular polarization of the )
light and for optical isolation of the retro-reflected laser beam ’
from the dye laser. With careful alignment, we were able to E
obtain focused beam spot sizes of 7um FWHM. This small spot size k
y k
.
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Optical pumping mechanism between the F:-2 ground
state and F=3 excited state 1n the D, transition
in atomic sodium In the trarsition shown in the
figure, atoms in the mg= 1 state are promoted to
the my;=0 excited state by a photon with circular
polarization. The atom can then decay to any of
the -=-1,0,+1 ground states Eventually, this
mechanism will result in all of the atoms being
in the m¢{=+2 ground state
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Figure 17. OKDE interaction region. Retroreflected light is
blocked from returning to the laser because of the
90° rotation of the light by double passing the \/4
plate. The return light is then blocked by the
linear polarizer.
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ensures that atoms will traverse the OKDE interaction region in

less than one spontaneous decay lifetime. Spontaneous decay
would have introduced a diffusive effect on the spatial,
distribution which would have obscured the diffractive OKDE
effect we were studying.

The transverse velocity distribution produced by the OKDE
results in a spatial distribution if the atomic bean is detected
sufficiently downstream from the interaction region. The
apparatus we developed for monitoring the spatial profile of the
beam is illustrated in Figure 18. The detector is essentially a
fluorescence monitor tuned to the F=2 to F=3 transition so that
it is sensitive only to the atoms within the velocity group of
interest. The monitor consists of a laser beam that is reflected
off a mirror mounted on a galvanometer. The galvanometer is
located at the focus of a cylindrical lens that focuses the beam
to a 23 um spot. The accuracy of the galvo-drive circuit is
sufficient to reproducibly position the spot to within 50 um.
Thus, the beam effects are limited more by the 175 um width of
the atomic beam than by the precision of the spatial profile
monitor.

Figure 19 is the spatial profile of an atomic beam before and
after passing through the standing wave region. The original
beam has a single peak that is split into two peaks that are
characteristic of the theoretical distributions shown in
Figure 6. The experimental resolution was insufficient to
resolve the recoil due to single photons, which would have
produced the comb effect seen in the fully quantum mechanical
calculation.

Our analysis of the OKDE data has been enhanced by the
development of two computer programs that run on the HRL VAX
computers. The first program calculates the expected spatial
beam profile monitor intensity as a function of position,

standing wave intensity, standing wave spot size, and atomic
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Figure 18. Spatial beam profile monitor.
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beam size. This program has been very useful in understanding
the fundamental limits of the measurement system, in discovering
how different misalignments affect the results, and in
determining what kinds of signals we should be looking for.

The second program is used for analyzing the data from our
TN-1710 signal averager on the VAX. This program can find peaks
and widths of arbitrary line shapes, calculate statistical
uncertainties and correlations of fit parameters, and generate
graphical displays of the data and fits on a number of CRT and

hard copy output units.
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SECTION 4
ATOMIC HYDROGEN TWO-PHOTON IONIZATION

A. INTRODUCTION

One of the factors that could limit the maximum cooling rate
of an atomic hydrogen beam is the maximum laser beam intensity
possible before a significant number of hydrogen atoms are
ionized by the cooling beam. We have undertaken experimental and
theoretical studies to calculate and measure the magnitude and
the features of this effect.

B. THEORBTICAL STUDIES

Multiphoton ionization of hydrogenic systems is concerned
with the dynamics involved in the coupling of external radiation
fields with bound quantum systems leading to the production of
free electrons and ions. As such, multiphoton ionization has
been the subject of intense investigation during the past decade.
One of the simplest and most fundamental problems concerns the
ionization process when the input radiation fields induce a
resonant two-photon transition into the continuum from the ground
state of a hydrogenic system. In this case there are two
regimes. If the radiation is not resonant with a bound-bound
transition, the ionization rate can be computed by perturbation
theory, and the results indicate that rate is proportional to the
square of the input intensity. However, if the radiation is
resonant with a bound-bound transition, saturation processes in
the population difference yield an expression for the ionization
rate that exhibits saturation behavior, as will be shown below.

Because of the importance of using Lyman-a radiation in the
cooling and trapping of atomic hydrogen, we undertook a detailed
description of the role of ionization of hydrogen atoms. The

objective of this work was to present a self-consistent
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calculation of the effects of resonance radiation on the two-
photon ionization process in hydrogen atoms. The results showed
that two-photon ionization of hydrogen remains negligible for
intensities up to one kw/cm?.

Above 10 kW/cm?, significant ionization will take place. The
generation of such a plasma environment will necessarily increase
the emittance of the beam, possibly leading to a catastrophic

breakup as it propagates in space.

1. Formulation of the Problem

The starting point in our analysis was the formulation of a
set of density matrix equations that describe the model shown in
Figure 20. The bound states are labeled by li> (i=1,2), and the
continuum by the set {lk>}. The resonance radiation oscillates
at frequency w,. The spontaneous decay rate is given by q. 1In
order to derive a set of equations describing the evolution of
each energy level via the density matrix formulation, it is
important to understand the coherent coupling between state 12>
and the continuum lk>. This understanding comes from examining
the temporal evolution of the probability amplitude in state 12>.

Consider the Schroedinger equation
ih 91¥>/8t = (H, - p E ) 1¥> (4.1)

and write the state vector I¥> as a coherent linear superposition

of the eigenstates of H,_,

1¥> = c; (t) 11> exp(-iw t) + c,p(t) 12> exp(-iw t)
+ [ dk c(k,t) k> exp(-iw,t) . (4.2)

Using expression (4.2) in Eq. (4.1), we find that the amplitudes

cy, and c(k,t) satisfy the following equations of motion;
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Figure 20. Model used in two-photon ionization calculations.
The two bound atomic states are labeled |[1> and |2).
The continuum states are labeled |k>. The laser is
detuned from the resonance energy E,-E;, by an amount
A. The spontaneous decay rate from [2> to 1> is 7.
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ih 8 c,(t)/8t = -p,y E c;(t) exp(iwygt)
-f dk pay E c(k,t) exp(-iwy,t)  (4.3)

ih 8 c(k,t)/0t = -p,, E ca(t) exp(iw,,t) (4.4)

where ugag and wgg are the electric dipole matrix element and

frequency separation between states la> and |8>, respectively.
We assume that the coupling among continuum states is negligible
and that the off-resonant two-photon transition between the
ground state and the continuum has a small contribution in
tomparison with the resonant transition.

Equations (4.3) and (4.4) can be reduced further by formally
integrating Eq. (4.4) and using the result in Eq. (4.3). This

procedure leads to the following expression for c,(t):

ik Bc,(t)/8t = -py, E ¢, (t) exp(iwy,t)
+ (iR)"! f dk [ dt’ pay E(t) mip E(t))
x exp[-iwkz(t—t')] ca(t) . (4.5)

The evolution of c,(t) in the presence of the continuum can
be deduced in a simple manner. The excitation of an electron
from state 12> by the radiation field can only take place if t' =
t. This simultaneity requirement implies that the second term in
Eq. (4.5) can be reduced to a simple decay term of the form -
Fca(t). T = 0l is the intensity-dependent ionization rate from
the excited state 12>, and 0 is the single-photon ionization
cross section.

In light of this derivation for the temporal evolution of

cp(t), the density matrix equations can be written as

’ o -.'\' oy \ ‘\- S5 '.' ~ _sf LRV T 1
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8p11/0t = 9pp, + i R, p2y - 1 R, py2 (4.6)

8p22/0t

-(7+0X)py, + 1 Ry® py2 - i Ry pyy (4.7)

9p12/0t

i(wyy + i7/2)p12 + i Ry (P22 - P11) (4.8)

where R, is the on-resonance Rabi frequency. The set of
Egqs. (4.6) through (4.8) describes the evolution of the bound

system in the presence of the radiation fields.

2. Exact Analytical Solutions

Equations (4.6) through (4.8) have an exact analytical

solution if the following assumptions are made:

(1) The radiation field has a pulse duration longer than
the response time of the medium (long pulse
approximation) .

(2) The population difference between the bound states is
slowly varying compared to the smaller of the natural
linewidth and laser detuning from intermediate state
resonance (rate equation approximation).

(3) The laser detuning from resonance is small enough so
that one can neglect the Bloch-Siegert shifts (rotating
wave approximation).

The use of these assumptions in the formal integration of

Eq. (4.8) gives the following expression for the optical
coherence:

Prz = 1 Rg Lyy (P22 - P11 ) (4.9)
where L;, = { 1A + 7/2 } is the complex Lorentzian factor.

Using Eq. (4.9) in Eqs. (4.8) and (4.7), we obtain a closed

system of equations for the population of each energy level:
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8p11/8t = Ypaa + IRIZ (pg2 - P11)Im(Lyy) (4.10)
Bp22/8t =-(1+01)pss — IRGI? (pgy - p1y)Im(Lyy) (4.11)

where Im(L,,) denotes the imaginary part of L,,. We shall assume
that the initial conditions of the problem are such that

P11 (t=-%) = N,

P22 ( t=-» ) = 0.

N, is the initial density of the atoms in the ground state.
The reduced set of Eqs. (4.10) and (4.11) has the following

exact analytical solutions:

Pas = {N, K/\,;} exp[-0.5(7+0I+K)t] sinh(X,t) (4.12)

P11 = No - P2z - 01 [ dt’ py,(t’) (4.13)

[ |

where K = IR 1? Im(L,,) and X\, = {(7+0I+K)? - 40IK}!'/2.
Equations (4.12) and (4.13) constitute the main result of

this section and they are valid in the regime where the three

.-‘ '..- ~o.-. '.'*- s

\l

fundamental assumptions (long pulse, rate equation, and rotating

[ #

wave approximations) are valid.

....
weltN,
o

8. Discussion

[

Consider hydrogen atoms excited by Lyman-a radiation tuned to
the 1s-2p transition. We will assume a cross section of the
order of 10°!% cm? for the ionization of an electron located in
the 2p state. Figures 1 and 2 are plots of the temporal

evolution of the total density of atoms (i.e., p;; + pa3)-
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Figure 21 corresponds to the case where the Lyman-a radiation is
tuned on resonance to the 1s-2p transition, and shows that
negligible ionization takes place for a radiation intensity of .
1 kW/cm? over a period corresponding to 100 times the spontaneous ;
‘ decay lifetime (1.6 ns). As the intensity is increased to k
500 kW/cm?, significant ionization takes place, leading to the "
possible deterioration of the beam quality. Figure 22 shows the i,
temporal evolution of the total density of atoms for fixed ﬁ
intensity as a function of the radiation detuning from line ;E
center. Again, for zero detuning, significant ionization occurs. o
However, as the detuning is set to 10 7, ionization is reduced A
significantly. This behavior is easily explained. If the &
Lyman-a is on resonance, then there is significant excitation of ;.
the 2p state, leading to a stepwise 12sonantly enhanced é
ionization path. However, if the laser is tuned off resonance, )
negligible excited state population is achieved. Hence, the ;
ionization process proceeds along a non-resonant pathway. This li
explanation is illustrated in Figure 23, where the excited state :
population is plotted as a function of time. As is shown the .
excited state population decreases with increasing detuning from :i
resonance. i
A quantity of interest in the measurement of the two-photon ;;
ionization cross section is the two-photon ionization rate, 5
defined by, ;
:
r =- {(3(py1 « P22)/08t}/ (P11 *+ P22) : (4.14) i
Using the exact analytical expressions for p,, and p,,, the ?'
resonant two-photon ionization rate is given by, &.
;."
r = (0IK/hy)/{coth(A,t) + (y+0I+K)/2x,} . (4.15) X
N
N
e
iy
N
:
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FRACTION OF ATOMIC POPULATION

Figure 21.

P P8

16758 4

1 T T T T
I =1 kW/cm?
08 .
0.6 A=0 _
0.4 _
1 = 500 kW/cm?
0.2 _
0 L | | |
0 20 40 60 80 100

Fraction of remaining atoms during resonant photo-
ionization. The detuning in this curve is zero.
The upper curve is for an intensity of 1 kW/cm?
Even after 100 spontaneous decay lifetimes, no
s1gn1f1cant ionization has taken place The lower

curve is for an intensity of 500 kW/cm? In this
case, 90% of the atoms have been 1onzzed after 100
spontaneous decay lirfetimes. The x axis is time in

units of the spontaneous decay lifetime (1.6 ns).
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Figure 22. Fraction of remaining atoms during resonant photo-
X ionization. The intensity for all these curves g
. is 500 kW/cm?. The three curves show detunings of .
: ten times the natural line width, one natural line X
- width, and zero. -
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It is interesting to note that the rate is time dependent,
because the exact solutions describe the temporal behavior of the
population density as a function of laser intensity and detuning
from line center. The long-time behavior (as t tends to

infinity) is given by,
r = 2 0IK/(2xp+7+0I+4K) , (4.16)

which is a nonlinear function of the laser intensity. Equation
(4.16) is the main result of this section; it reduces to the
perturbation solution (proportional to I?) in the low intensity
regime, and exhibits saturation behavior when the single-photon
icnization rate 0l is of the same order of magnitude as the

spontaneous decay rate “7-

4. Summary

We have presented a theory of resonant two-photon ionization
of hydrogen atoms. We have obtained exact analytical results for
the total density of the atoms, and for the ionization rate
provided under the three assumptions of a long pulse, the rate
equation, and the rotating wave approximation. Ionization of the
hydrogen atoms can be avoided if the Lyman-a radiation intensity
is restricted to less than 1 kW/cm?. The ionization rate was
found to be a nonlinear function of the intensity resulting from
saturation of the bound state transition. However, the
ionization rate reduces to the result obtained from perturbation

theory in the low intensity regime.

C. EXPERIMENTAL STUDIES

An experimental measurement of the Lyman-a two-photon
ionization cross section of atomic hydrogen requires development
and integration of both a tunable narrow-band coherent photon
source and a high current, low divergence atomic hydrogen beam.
We have developed the hydrogen beam needed for the experiment and
have nearly completed the optimization of the Lyman-a beam

source. Details of the two developments all given below.
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1. Lyman-a Production

Figure 24 is a block diagram of the Lyman-a source we have
developed. This photon source consists of two narrow band
oscillators that are amplified in pulsed-dye amplifiers pumped by
the outputs of a dual-beam Nd-YAG laser. The outputs from the
amplifiers are combined in a mercury cell to provide the desired
Lyman-a pulses.

The challenge of the Lyman-a system operation is to get
concurrent state-of-the-art performance from the many complicated
components in the system. Much of our development time was spent
improving the reliability of the commercial components that were
used in the system.

The narrow-band oscillators consist of two Coherent 699-21
ring dye lasers pumped by two Coherent CR-18 argon ion lasers.
The first oscillator delivers 500 to 1000 mW of cw light at
5454 A. The Rhodamine 560 dye is pumped by an argon ion laser
operating at 6 W. The second oscillator contains Kiton Red dye
and delivers 300 to 500 mW of power at 8254 A. The Kiton red dye
must be pumped at 8 to 9 W.

We found that it was necessary to modify the Coherent pump
module to improve the lifetime of the Rhodamine 560 dye We also
developed a procedure for shutting down the dye lasers, which
resulted in an order of magnitude improvement in the day-to-day
reproducibility of our dye laser outputs.

The outputs of the dye lasers pass through optical isolators
consisting of a pair of prisms and a Faraday rotator. The beams
then enter modified Quanta-Ray PDA-1 pulsed dye amplifiers (PDAs)
that are pumped by the doubled (632 nm) outputs of a dual-beam
Nd-YAG laser. Required modifications in the PDAs for this
application included replacing or modifying of the internal
telescoping optics, replacing the metal pin holes with diamond
ones, and mechanically improving the pin hole mounts. After
these modifications, we were able to get 10 ns gaussian pulees in
the far field from both PDA’s.
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Figure 24 Experimental setup for generation of VUV Lyman-a
radiation. The output from the dual beam Nd:YAG
lasers are used as pumps to amplify the outputs -
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The PDA manufacturer was unable to supply us with appropriate

-

Y e s~

; dye concentrations for our applications, so we also undertook a
study to learn what combinations of available input power, pump
g power, and dye concentrations produced the best results. With
g optimum concentrations and input powers, we were able to achieve
: 20 mJ at 5454 A, and 6.5 mJ at 6254 A. The radiation at 6254 A
was doubled in a KDP crystal to produce 2.0 mJ of 3127-A light.
A The radiation at 3127 A was combined with the 5454-A pulses
in the mercury cell illustrated in Figure 25. The cell consists
of a center region that is heated to 150° to 200°C. Mercury from
the wick evaporates and migrates towards the end regions of the
cell, which are water cooled. The cooled buffer gas in the end
regions condenses the mercury back onto the wicks. The mercury
will then move back to the center of the cell where the
evaporation/condensation cycle begins again. Our interaction
- region is approximately 10 cm long. We verified operation of the
cell by measuring the absorption of light from the mercury lamp
as a function of cell temperature. We measured an alL of 3.0 at a
cell temperature of 177°C. After several weeks of operation, we
; had no accumulation of mercury on the cell windows.
h The mixing process in the mercury cell is illustrated in
Figure 26. Two photons at 3127 A are resonant with the mercury
transition from the 8s? !S, ground state to the 6s7s !S, state.
. The third photon at 5454 A is non-resonant and can thus be tuned
over a fairly broad range. The sum frequency generated by the
addition of the three photons is at 1216 A (Lyman-a). In our
tight focusing geometry, the maximum signal is obtained by phase
matching the sum of the wave vectors of the input and output

Ry waves so that bAk=-2,!? where b is the confocal beam parameter.
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We have used two diagnostics to study the radiation exiting
the mercury cell — a nitric oxide (NO) ionization chamber and a 4

McPherson Model 225 one meter scanning VUV monochromater.

Figure 27 is a diagram of the NO ionization detector. The cell '
was filled with 3.0 Torr of NO gas, which ionizes with a high ‘
efficiency for radiation in the 102-nm to 135-nm wavelength y
range. With our geometry, we expected an efficiency of 50%.

With the NO detector attached to the cell, we saw a small ion
signal when the 3127-A light was introduced to the mercury cell.
The signal was resonant with the two-photon resonance we were
tuning for, but didn’t show a strong dependence on the intensity
of the 5454-A light. Also, the tuning width was broader than we
would have expected from either the natural line width of the
mercury resonance or the Doppler broadening of the atoms in the. !
mixing cell.

To better understand our results, we attached the mercury r
cell to the McPherson monochromater. The monochromater was first
calibrated with a hydrogen Hinterreger light source at Lyman-a '
and with a number of lines from a mercury lamp. The radiation
was detected with a solar blind photomultiplier tube. We have g
not yet been able to reproduce on the monochromater the VUV K

signals we saw in the NO detector. J

2. Hydrogen Beam Production

) Figure 28 is a diagram of our hydrogen beam production 3
! facility. Molecular hydrogen is dissociated by an rf field in a .
. water cooled glass cell. A snout at the end of the cell is "
capped with an effuser plate consisting of a close packed array ,
of 2.0-uym-diameter, 3.0-mm-long capillaries. These capillaries

provide a differential pressure between the rf discharge region N
and the high vacuum region, and they provide good beam
collimation. With some experimentation, we were able to achieve

a beam divergence of less than 1°. At this divergence, the

o
s
'
i
¥
]
]

natural line width of the hydrogen Lyman-a transition will be

comparable to the Doppler line width.
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The hydrogen beam intersects the Lyman-a beam in the first

chamber. Before intersecting the hydrogen beam, howeverr, the
photon beam is first dispersed by a diffraction grating to
separate out photons (which also exit the mercury cell) with
unwanted wavelengths. A hydrogen discharge cell is provided in
the photon beam line to monitor the frequency of the radiation.
Radiation flux is measured with an NO ionization detector.

The hydrogen flux can be monitored by two devices. The best
absolute measurement is given by a bolometer, consisting of a
platinum strip that intersects the entire hydrogen beam. Atomic
hydrogen incident on the strip will recombine on the surface of
the platinum and leave the surface as molecular hydrogen. The
total energies of recombining hydrogen atoms will heat the strip,
thus changing its resistance. After balancing a bridge circuit.
that has the platinum strip as one of its legs, the hydrogen beam
is turned off and the platinum strip is electrically heated until
its resistance matches that of the strip as it was being heated
by the hydrogen beam. The product of the electrical current and
voltage supplied to the strip gives the power that must also have
been supplied by the recombining hydrogen atoms in the beam.
Dividing this power by the energy of recombination of the
hydrogen atoms yields the number of hydrogen molecules leaving
the surface of the platinum, per second.

We also used a UTI mass spectrometer as a secondary monitor
of the beam flux. Once calibrated against the platinum strip
detector, this spectrometer provides a real-time measure of the
hydrogen flux, which can be monitored continuously during data
collection. We were able to generate atomic hydrogen beam

currents of 6x10'7 atoms/s.
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SECTION & ,;-

»-PULSE COOLING y

b

A. INTRODUCTION o
Experimental studies of laser modification of atomic g'
velocities using the phenomenon of laser-induced fluorescence as _f
proposed by Hansch and Schawlow,!* have been quite extensive. oA
Evidence of the slowing of an atomic beam by resonance radiation E
pressure was demonstrated by Bjorkholm et al.,!® Balykin et tf
al.,!® Phillips and Metcalf,!’ and Prodan et al.!® Recently, ‘
experiments by Prodan et al.!® and Ertmer et al.2?® demonstrated ;
that an effusive atomic beam was stopped by laser light. These E
works were followed by the recent experimental demonstration of ;
radiation trapping of atoms by Chu et al.?! . f
In the Hansch and Schawlow cooling procedure, the atoms are ;:
illuminated with counterpropagating laser beams that are tuned :;
into the upper half of the Doppler contour of a resonance line, Ny
the laser frequency either covering the full upper half of the >
contour, or scanned toward line center as cooling progresses. i‘
Cooling results from the net momentum transfer from the laser :{
photons to the atoms during resonance fluorescence events. The 5
cooling rate is thus limited by the natural decay rate of the :J

atoms from the spontaneous radiation; the maximu- ooling rate

P
“

occurs at laser power levels that saturate the transition. ::[
The above limitation on the cooling rate could be lifted if ::

it were possible to alternate the direction and detuning of the P

sepcrate upward-stimulating and downward-stimulating photons. ::
Then, a net momentum transfer to the atom could be made to occur Z:
at transition rates greater than the spontaneous decay rate. ~
This goal can be achieved by using a train of alternately y
oppositely directed and oppositely detuned % pulses. &
:
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The concept of modifying the velocity of the atoms using «*
pulses was advanced by Kazantsev in 1974.22 A similar scheme was
proposed by Nebenzahl and Szoke?? in their studies of atomic-beam
deflection using stimulated emission processes. Recently, Aspect
et al.? demonstrated the collimation of a cesium atomic beam
using stimulated emission. A related application using ¥ pulses
to deflect an atomic beam for isotope separation was considered

by Friedman and Wilson.?*

B. PHYSICAL PICTURE

The basic physics of * pulse cooling is described as follows:
consider the interaction of a two-level atom with a pair of «
pulses incident from opposite directions. First, a photon from
the 7 pulse from the right is absorbed, exciting the atom to the
upper state. An increment of momentum -hk has been transferred
to the atom. Here k is the wavenumber and h is Planck’s constant
divided by 2x. Next, the ¥ pulse from the left stimulates the
atom to emit a photon to the left, resulting in a recoil momentum
transfer to the atom of -hk. Hence the net momentum transferred
to the atom from the interaction of both x pulses is -2hkk.
Clearly, a train of n alternately counter-propagating * pulses
sequentially incident upon the atom will result in a momentum
transfer of nkhk in the direction of propagation of the upward
stimulating 7 pulses, provided that the duration of the pulse
train remains short in comparison with the radiative lifetime of
the transition. To retard the motion of the atom’'s the upward
stimulating ® pulses should be directed opposite to the motions
of the atom and tuned above resonance, while the downward
stimulating 7 pulses should be oppositely directed and tuned
below resonance.

To cool a one-dimensional velocity distribution of atoms, a
train of 7 pulses with a detuning sequence chosen to retard the

motion of atoms moving in one direction must be followed by a

train with the start of the detuning sequence shifted to the
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oppositely directed beam in order to retard the motion of the
atoms moving in the opposite direction. To ensure cooling of the
distribution, each w-pulse train must effect a larger momentum
transfer to atoms in the half of the distribution for which the
motion is being retarded, than to the other half. This desired
result will occur if the frequency of the 7-pulse train is chosen
to be resonant with atoms with Doppler shift of half the Doppler
width of the distribution, since the excitation state of the
atoms on that side of the distribution will remain in coherence
with the w-pulse train for a larger number of » pulses than will
atoms in the other side of the distribution. The two ¥-pulse
trains must be separated by a few radiative lifetimes in order to
reset the excitation state of all the atoms to the ground state
before switching the detuning sequence.

This physical description of the cooling process achieved
with the #-pulse technique is rigorously justified using quantum
mechanical transport equations. The formulation of the equations

is the core of the next section.

C. THE QUANTUM TRANSPORT EQUATIONS, INCLUDING ATOMIC RECOIL

The quantum transport equations were first derived by
Kolchenko et al.?® when they studied the spectral response of
gaseous systems in saturated absorption spectroscopy. They
observed that the origin of the symmetrical splitting of the
Doppler-free absorption line was the atomic recoil experienced by
the atom upon absorbing and emitting photons. The same equations
have been rediscovered by numerous authors. This section
presents a detailed derivation of the quantum transport
equations, which take into account the effects of Doppler
broadening, grating washout, and atomic recoil.

If R denotes the center -of-mass displacement vector and r the
internal coordinates, then the space-time evolution of an atom is

governed by the Schrodinger equation,
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ih 8 ¥(R,r,t)/8t = [-h%V2Z/2M + H, + V(R,t)]¥(R,r,t), (5.1)

where the first term on the right hand side accounts for the
translational motion of the atom, H, is the electronic
Hamiltonian, and V(R,t) is the interaction Hamiltonian. We will
consider an interaction potential for the induced electric dipole
moment of an atom interacting with the radiation field.

We begin by expanding the wavefunction ¥ as a linear

superposition of eigenstates ¢, of H,
V(R,r,t) = L co(R,t)¢, exp(-iw,t) , (5.2)

where the probability amplitude c, accounts for the translational
motion of the atom in specific eigenstate ¢,. Using expression
(5.2) in the Schrodinger equation (5.1), one finds the temporal

evolution of ¢, is described by
ih Bc,/8t = -h?V? c,/2M + L <niVim> exp(iw,,t) c, (5.3)

where <nlVim> and w,, are the matrix element of V and frequency
difference between eigenstates Im> and Im>, respectively.

Our goal is to obtain an evolution equation for the
observables of the problem in question. In this case, the
observables are the population of each eigenstate and the optical
coherence generated by the radiation field. Defining the Wigner

distribution function as

f.a(R,p,t) = (1/278)° [ dR’ exp(-ip.R’/R)
p,,.(R+R'/2,R—R'/2) ’ (54)

where p,. is the observable, and using the Wigner distribution in

expression (5.4), we find that the quantum mechanical transport

equation is described by,
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ih(8/8t + peV/M) £,,(R,p,t)
= Lfdk [<nlV'la> exp(-ik*R)f,, (R,p+hk/2,t)exp(iw,qt)
- fﬁa(R,p—hk/Z,t)<a|V'Im>exp(—ik'R)exp(iwa.t)], (5.5) '

where the convective derivative p*V/M accounts for the

translational motion of the atom and gives rise to Doppler

broadening and grating washout. The quantity <nlV’la> is the E‘
spatial Fourier transform of <nlVlia>. Equation (5.5) is the main :
result of this section: it describes exactly the interaction of :
an atom with a classical radiation field, and takes into account 3
the atomic recoil effect. i:
D. NUMERICAL SOLUTIONS 2
In essence, Eq. (5.5) is the quantum generalization of the %
classical Boltzmann equations. Applying it to the case of two

level atoms, we can show that Eq. (5.5) reduces to equations K
describing the following distribution functions: M(p,t) = ™
f,, + £f,,, the number density of atoms; N(p,t) = f,, - f,;, the =3
population difference between the two states; and f;,(p,t), the i
optical coherence. The quantum transport equations are g
8 N/ot = 4 1 F; (p,t) (5.6) .

3

0 M/dt = 2 1 [F, (p+hk,t) - F;(p,t)] ;

(0/0t + iAw - ip*k) F(p,t) (5.7) »

=i 0 N(p,t) + i 0 [M(p+hk,t) - M(p,t)], (5.8) 2

~

where =pE/k is the on-resonance Rabi frequency, u is the dipole N
msoment of the transition, and E is the electric field amplitude. N
We have made the substitution: F = f;, exp (ikx-iAwt), where Aw :
18 the detuning from line center. F; indicates the imaginary *}
part of F. ’
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We have carried out numerical solution of Eqs. (5.8) through
(5.8), using a train of ¥ pulses as the applied field, with
alternate pulses oppositely directed and tuned on opposite sides
of line center, as required for cooling. Hydrogen atoms were
selected for the atomic system in question, and the wavelength of
the radiation field was assumed to be tuned to the Lyman-a
transition of hydrogen. The results of the simulation are
detailed in Figure 29, which shows an initially Maxwellian
momentum distribution, and the distribution after the application
of 16 w-pulses tuned in the manner discussed above Also shown
are the plots of |IF| after the application of each of the »-
pulse trains tuned to the opposite side of the distribution. We
can see from these plots that coherence is maintained better on
the side of the distribution that is being cooled than ‘'t is on
the opposite side, as expected. As required, the phases of all
of the atoms were reset to zero before the application of the
second train of #-pulses. Also evident is an essentially
symmetric distribution, M(p), that is cooled, except at the wings
of the distribution where some apparent heating of the

distribution has occurred.

E. SUMMARY

In conclusion, we have examined radiation cooling of a
distribution of two-level atoms in the coherent pulse regime A
train of oppositely directed and oppositely detuned s-pulses,
with specific zero-field periods between the ¥-pulses, is
required for optimal cooling. The cooling was demonstrated
through numerical analysis of the quantum transport equations.
The scheme proposed here provides an alternate method for cooling

neutral particle beams.
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SECTION ¢ 1
SUMMARY y

In this report, we have summarized the work completed in
three areas relevant to cooling and trapping of neutral atomic )
beams. We first provided a summary of ways in which radiation ;
forces can be used to reduce the emittance or trap neutral atoms.

This summary was followed by a brief review of the physics of
atom/laser interactions. Finally, we reviewed our theoretical
and experimental investigations in Optical Kapitza-Dirac Effect,

hydrogen two-photon resonant ionization at Lyman-a, and ® pulse

cooling. g
In our Optical Kapitza-Dirac work, we observed the E
diffraction effect predicted by theory. As a practical matter, !
the effect will not become significant in the time and intensity by
regimes expected for cooling relativistic atomic beams. Our E
theoretical studies of the effects of very intense beams on the i
OKDE were also presented. Our dressed state formalism provides a "
means of treating the effects of intense fields for large
detunings and intensities above the saturation intensity. E
The atomic two-photon ionization work also involved both Py
experimental and theoretical investigations. OQOur calculations ¥,
show that ionization will not be a problem in cooling a hydrogen
beam, provided the intensity is kept below 1 kW/cm?. Since this
figure is considerably larger than the Lyman-a saturation
intensity, it is unlikely this limit will prove to be a serious {
one. The experimental efforts have resulted in development of a Ny
hydrogen beam source and a VUV source that should prove adequate 5
to perform the indicated measurements. However, further work g
must be done on the VUV source before the measurements can be P
completed. 3
The theory of % pulse cooling was developed in Section 5. E
This technique appears to be a viable alternative to the more b
%
:
>
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traditional approach of cooling by spontaneous emission. A
numerical simulation of cooling established the feasibility of
this alternative.

In conclusion, laser cooling appears to be an attractive
technique for cooling and trapping neutral atoms. The two
limitations imposed by standing wave diffraction effects and
photo-ionization are interesting and real, but aren’t expected to
seriously affect the performance of present cooling and trapping
schemes. Alternative approaches to cooling appear to offer
advantages over traditional cooling techniques that rely on
spontaneous emission.
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The concept of radiation cooling with » pulses is presented and quantified with a theoretical analysis. Numerical
analysis of »-pulse cooling on the hydrogen Lyman-a transition is presented as an example. The cooling rate and
limiting temperature are discussed and compared with steady-state radiation cooling.

1. INTRODUCTION

The possibility of using light to modify the velocity distribu-
tion of an ensemble of atoms appears to have originated with
the pioneering work of Kolchenko et al.,! who analyzed the
effect of atomic recoil in the spectral line shape of an atom
interacting with a resonance radiation field. At almost the
same time, Ashkin? proposed the concept of resonantly en-
hanced radiation pressure in a gaseous system. These works
stimulated the development of tw~ important contributions
in the area of laser cooling. First was the concept of laser-
induced cooling of gases by Hansch and Schawlow.? which is
the foundation of much of today's research in the area.
Second was the concept of atomic-beam birefringence under
the action of a strong radiation field by Kazantsev.* which
was the cornerstone of the so-called optical Stern-Gerlach
effect. The latter was recently demonstrated by Moskowitz
et al.’ and the theoretical analysis of Kazantsev was con-
firmed by Cook and Bernhardt.6

Experimental studies of laser modification of atomic ve-
locities that use the phenomenon of fluorescence have been
quite extensive. Evidence of the slowing of an atomic beam
by resonance radiation pressure was demonstrated by Bjork-
holm et al.,” Balykin et al..® Phillips and Metcalf.® and Pro-
dan et al.!° Recently, experiments by Prodan et al.!' and
Ertmer et al.'? demonstrated that an effusive atomic beam
was stopped by laser light. These works were followed by
the recent experimental demonstration of radiation trap-
ping of atoms by Chu et al.!?

In the Hinsch-Schawlow radiation cooling procedure, the
atoms are illuminated with counterpropagating laser beams
that are tuned into the uppe: half of the Doppler contour of a
resonance line, the laser frequency either covering the full
upper half of the contour or scanned toward line center as
cooling progresses. Cooling results from the net momentum
transfer to the atoms from the laser photons during reso-
nance fluorescence events. The cooling rate is thus limited
by the natural decay rate of the atom due to spontaneous
radiation, the maximum cooling rate occurring at laser pow-
er levels that saturate the transition. An increase of laser
power above saturation does not increase the cooling rate
since absorption foliowed by stimulated emission from the
same beams does not transfer any net momentum to the
atom.

The above limitation on the cooling rate could be lifted if
it were possible to alternate the direction and detuning of

0740-3224/86/050719-05%02.00

the separate upward-stimulating and downward-stimulat-
ing photons. Then, a net momentum transfer to the atom
could be made to occur at transition rates greater than the
spontaneous decay rate. As will be illustrated below, this
can be accomplished with the use of a train of alternately
oppositely directed and oppositely detuned » pulses. The
concept of modifying the velocity of atoms using » pulses
was advanced by Kazantsevi4in 1974. A similar scheme was
proposed by Nebenzahl and Szoke!S in their studies of
atomic-beam deflection using stimulated-emission process-
es. A related application of using » pulses to deflect an
atomic beam for the purpose of isotope separation was con-
sidered by Friedman and Wilson.!é

The objective of this paper is to identify the critical issues
associated with r-pulse cooling of a distribution of atomic
velocities, to estimate the cooling rate and limiting tempera-
ture. and to compare these performance figures with those
for steady-state laser cooling.!” Below, Section 2 describes
the physical picture of r-pulse cooling and the restrictions
on the incoming train of = pulses due to Doppler dephasing.
A rigorous theoretical foundation for »-pulse cooling that
utilizes the Wigner distribution function is presented in
Section 3. The results of a numerical integration of the
quantum-mechanical transport equations applied to «-
pulse cooling on the hydrogen Lyman-a transition appear in
Section 4. Section 5 compares the cooling rates and re-
quired power levels for steady-state and r-pulse cooling. and
Section 6 summarizes our results.

2. PHYSICAL PICTURE

The basic physics of x-pulse cooling is as follows: Consider
the interaction of a two-level atom with a pair of x pulses
incident from opposite directions. First, a photon from the
r pulse from the right is absorbed. exciting the atom to the
upper state. An increment of momentum —(AX) has been
transferred to the atom. (Here & is the photon wave number
and h is Planck’s constant divided by 2r.) Next, the » pulse
from the left stimulates the atom to emit a photon to the left.
resulting in a recoil momentum transfer to the atom of
—thk). The net momentum transferred to the atom due to
the interaction with both = pulses is ~(2A&). Clearly. a train
of N alternately counterpropagating » pulses sequentially
incident upon the atom will result in a momentum transfer
of N(Ak) to the atom in the direction of propagation of the
upward-stimulating r pulses, provided that the duration of
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the pulse train remains short in comparison with the radia-
tive lifetime of the transition. To retard the atom’s motion.
the upward-stimulating r pulses should thus be directed
opposite to the atom’'s motion and tuned above resonance.
while the downward-stimulating pulses should be oppositely
directed and tuned below resonance.

To cool a one-dimensional velocity distribution of atoms.
a train of » pulses with a detuning sequence chosen to retard
the motion of atoms moving in one direction must be fol-
lowed by a train with the start of the detuning sequence
shifted to the oppositely directed beam in order to retard the
motion of the atoms moving in the opposite direction. To
ensure cooling of the distribution, each »-pulse train must.
of course. effect a larger momentum transfer to atoms in the
half of the distribution for which the motion 1s being retard-

ed than to the other half. This will occur it the trequency f

the r-pulse train i1s chosen to be resonant with atoms with a
Doppler shift of, say. half the Doppler width of the distribu-
tion. since the excitation state of the atoms in that side of the
distribution will remain in coherence with the r-pulse train
for a larger number of » pulses than will atoms 1n the other
side of the distribution. The two =-pulse trains must be
separated by a few radiative lifetimes in order to reset the
excitation state of all the atoms to the ground state betore
switching the detuning sequence.

It is interesting to 1nquire where the entropy of the atom
motion goes in the case of cooling with a train ot r pulses. In
the case of steady-state laser cooling. the entrupv s carried
awayv by the spontaneously emitted photons  Duning cool-
ing with a train of x pulses, spontaneous emission is assumed
not to occur. However. the entropy generation still appears
in the radiated photons. Radiation from the atoms during
illumination by a r-pulse train is accounted for by the In-
duced transition dipole moment, which s proportional to
the off-diagonal terms in the density matrix. Fit) isee be:
low). The generated entropy comes from nonresonant
atoms’ emitting photons into a larger number of temporal
modes than do the resonant atoms. As discussed above. the
more randomized phase of Fut) for the nonresonant
atoms also accounts for the loss of phase sequencing with the
»-pulse train necessary for adjacent r» pulses to produce
equally directed forces on the atom. Since Fit) is cveling
much faster than the spontaneous emission rate, the rate of
entropy generation can be larger than in the case of steady-
state laser cooling. thus permitting a taster cooling rate for
=-pulse cooling.

The accumulated rate of phase error between the excita
tion state and the r-pulse train that occurs for nonresonant
atoms will determine the maximum number of r pulses that
can be used in a given r-pulse train. Also. the greater the
disparity of the accumulated phase error on the different
sides of the distribution. the faster the cooling rate will be for
a given = puise. It turns out that the accumulated phase
error can be minimized and the disparity of phase ecror
maximized through the use of a specific zero-field period
between the r puises. This technique 13 best appreciated
through reference to the densitv-matrnix vector mode! for the
evolution of the coherent excitation state of a two level
atom.!81¥

Figure 1 shows the density -matrix vector for one atomic
velocity before the application of the first » pulse. after the
zero-field period. and after the application of the second »

A J PalmerandJ F Lam
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Fig 1 Vector representation of the state of a two-level atom tor
one atomic velocity for time zeru. atter the first « puise r  after the
tero tield period ¢ . and atter the second v pulse. !

pulse. The density-matrix vector rotates about the vector B
= 1le; + Jwe ) where ! = LE h s the Rabi frequency. u 1s
the transition dipoie moment. £ 1s the laser field. and Au s
the detuning from resonance It rotates about B at an angu
lar rate equal to 192- + 3w~ When the vector points in the
negative e direction the atom 1s in the ground state. when 1t
points 1n the positive e, direction the atom 1s 1n the upper
state All other directions represent the atom in a ~uperpo
sition of these two states

[t can be seen trom this picture that if there 13 no tield oft
period between the = pulses, then the phase-error spread
accumulates to ~r within ~(? 3u) puises  However dur
ing a zero-field interval between r pulses. the vector rotates
about the e axis at a rate equal to the detuming  Thus. it we
choose the duration ot the oft-field interval tobe ~x 1 Ju ;0
where Au ;. is the Doppler shitt of the atom. then atter each
ot held pertod. the sign of the phase error with respect to
the e: axis will be reversed. and the subsequent r puise will
bring the phase error back to zerc  The phase error correc
tion cannot be made exact for all atoms, of course because of
the spread in the precession rate about e. caused by the
finite velocity spread The optimum zero field period tor
minimizing the average phase error for that half of the distr
bution which is being cooled 15 roughlv v . AL, 21 where
« Awpi) 18 the Doppler width of the transition

This phenomenon is similar to the phase spread reduction
that occurs 1n photon echoes [t is clear that for a gtven
number of » pulses. the net accumulated phase error and the
ditference 1n the accumulated phase error between one side
ot the distribution and the other will be. respectivels less
than and greater than their values tor the case of no zero
field period. Thus the use of the zero ‘ield period between
pulses will permit cooling over a broader velocity distnibu
tion

We have cartied out a theoretical anaivsis of the r pulse
cooling technique discussed above by utibzing the quantum
transport equations. This analvsis 1s described in the tol
lowing two sections

3. THEORETICAL FRAMEWORK: THE
QUANTUM TRANSPORT EQUATIONS

For the purpose of completeness. we derive in this section
the tundamental equations describing the quantum evolu
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tion of an ensembie of two-level atoms interacting with reso
nant radiation fields. The equations were first derived by
holchenko ¢t al. and have been rediscovered by several
groups.  The equations include the effects of Doppler
<hift. grating washout. and atomic recoil It R denotes the
center-ol-mass displacement vector and r the internal cour-
Jdinates. then the space-time evolution ot an atom 13 gov

erned by the Schrodinger equation

MIAVIR r = {=-AT-2M+H «+ Vi Rr ' Ror i

1
H

where the first term on the right hand side accounts tore the
translational motion ot the atom H i~ the electronic Hamu
tonan and ViR r 7118 the interaction potentiac - We shall
consider an interaction potential tor the case of the induced
eievtric dipole moment of an atom interacting with the rad;
aen held

We begin by expanding ¥R r * ' a<a linear superposition
ol eigenstates $_ ot H

*-Rr'*t\‘t,\ﬂ'@grw\p-'-, R

wnere the probability amplitude ¢ . R
‘rAlsational Metion of the atefl .0 oa specitic eidenslale

Aoeounts tor "Ne

t.r Using expression e the ScRrodinger equat.on

‘e Ninds that the evoiution ot 0 - R S lesTied Dy
modne o= och T A0« Ny expe oo
{ A Nere
Lo 4 v Rr ¢ r 4
attd o - -
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need not be swept. and the cooling becomes exponential with
tirne with the 1 ¢ cooling time given by Eq. 114). The
temperature limit most commonly assumed for the steady-
state laser cooling is the sc-called stochastic imit (kgT =
TR

The dashed curves in Fig 1 show the estimated exponen-
tial cooling tor = pulses using the charactenistic cooling time
given by expression ¢ 1.3+ The net coohing time 1s seen to be
dramaticaliv shorter for the larger untiai iemperatures but
at the expense of considerable higher average power density.
In this connection one must note that the Lvman-a photons
are capable ot photawionizing the upper state of the trans:-
tion  The rate of energy reieased to electrons due to 10niza-
tion is smail compared with the cooling rates for the steady-
state couling power levels bui 1s comparable with the cooling
rates tor the = pulse average power levels and must be
watched closely in turther analvsis ot the practical applica-
tion ot = pulse cooling  Photoionization of the upper level
ais¢ gives rise to phase shitts not accounted tor in the two-
ievel treatment ot » puise cooling given above. but these
~hitts can be expected to e small owing to the much smaller
dipoie matrix eiement between the upper state and the con-
“snuum «ompared with that ot the Lvman o transition
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APPENDIX B

A THEORY OF RESONANT 2-PHOTON INDUCED
IONIZATION OF HYDROGENIC SYSTEMS®

Juan F. Lam
Hughes Research Laboratories

Malibu , California 90265

ABSTRACT

A time-dependent theory of 2-photon induced ioniza-
*1n5n 19 presented. Exact analytical expressions are obtained
f.,r the total population of hydrogenic-like systems and the
nopulation of the intermediate resonant state as a function
f *he i1nput intensity and detuning of the radiation field.
The *emporal behavior of the ionization rate is calculated.

® .x e,ppuirted by AFOSR under Contract F48620-82-C-0004
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I. INTRODUCTION

Multiphoton ionization of hydrogenic systems is
concerned with the dynamics involved in the coupling of external
radiation fields with bound quantum systems, leading to the
production of free electrons and ions. As such, the subject of
multiphoton ionization has been the subject of intense
investigation during the past decade!. One of the simplest but
most fundamental problem is the study of the ionization process
when the input radiation field induces a resonant two-photon
transition into the continuum from the ground state of a
hydrogenic-like atom. In this case, there are two distinct
regimes. First, if the input radiation is not in resonance with
the bound-bound transition; the ionization rate can be computed
by using perturbation theory?. The results show that the rate for
the production'of electron is proportional to the square of the
input radiation intensity. However in the case in which the input
radiation is in resonance with the bound-bound transition, a
simple intensity dependent ionization rate c;n not, in general,
be derived®. The effect of saturation of the bound state
population difference in the presence of the resonance radiation
prevents a simple interpretation of the ionization process. The
objective of this work is to present a self-consistent

calculation of the effects of resonance radiation on the two-

photon ionization process. The approach we shall take is to use

a G5

LS AR
P X XS
(RN NLRE L

XX

A .
¥ a &



of the density matrix equations in the computation of the

e

temporal evolution of the atomic density in the presence of
radiation fields. Section Il presents a detailed discussion and
derivation of the density matrix approach which takes into
account the ensemble of atoms passing through radiation field. We
show in Section III that in the adiabatic regime , exact time
dependent analytical solutions can be found for the total
population of the atoms as well as for the ionization rate. The t
long time behavior of the ionization rate shows a rather simple,
but not the square dependence, of the input intensity. As an
example, we shall apply our results to the case of ionization of .

a H beam using Lyy radiation. And finally in Section IV we !

summarize the main results of our work.
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II. FORMULATION OF THE PROBLEM

The starting point in our analysis is the formulation of
a set of density matrix equations which describes the model shown
in Fig. 1. The bound states are labelled by I1 > and 12 >, while
the continuum is labelled by the set { |k > }. The resonance
radiation oscillates at frequency {l. The spontaneous decay rate
from the state |2 > to the ground state |1 > is given by 9. In
order to derive a set of equations describing the evolution of
each level via the density matrix formalism, it is important to
understand the behavior of the coherent coupling between state
12 > and { |k > }. This is accomplished, in a rather
straighforward manner, by studying the temporal evolution of the

wavefunction in state 12 >. Consider the Schroedinger equation

d 1¥>

ih = (H, -pE) I¥> (1)

dt

where the state vector |¥> is given by

1> = C,(t) 11> exp(-iw;t) + Cp(t) 12> exp(-iwyt)

+ [ dk C(k,t) lk> exp(-iw,t) (2)

such that 11>, 12> and |k> are the eigenstates of the unperturbed

Hamiltonian H,. The interaction between the atom and the
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radiation field E is -4 E. The near resonant coupling between )
state 12> and the continuum can be obtained by projecting the

state vector |¥> into the respective space. They are

d C,(t) f

ih —— = - 42, E C; exp(iwy,t) ,
*

dt ";

- J dk pai B C(k,t) exp(-iw,,t) (3a) ¢

d C(k,t)

ih —— = - o E Cp(t) exp(iw,,t) : (3b) F
dt :

where Bap and wgqp are the electric dipole matrix element and
; frequency separation between states la> and |f>; respectively. In
the derivation of Egs.(3), we assume that the coupling among the
continuum states is negligible and the off-resonant two-photon
' transition between the ground state and the continuum has a small ﬁ

contribution in comparison with the resonant transition.

‘¥ ‘1
[} .\
, Equations (3) can be reduced further by formally h
W ||‘
' integrating Eq.(3b) and use the result in Eq.(3a). This procedure "
leads to the following expression for the evolution of C,(t) Q
)
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d C,(t)
jh——— = - 4,,E C;(t) exp(iwy;t)
dt
+ (i)' J dk J dt’ g, E(t)pu E(L))

x exp(-iwya (t-t')) Cp(t") (4)

Now consider the approximations involved in the further ;
simplification of Eq.(4). First, we shall assume that the
amplitude Cz(t') is slowly varying on the time scale of the

radiation intensity and 1/w,,. Then we can extract C,(t’) out of

- e W g T

the integral and replace it by C,(t). Hence the integral involves

only the intensity of the radiation field and the medium

parameter. This integral is complex and the expression can be E
written as the sum of a real and an imaginary part;i.e. %
(ih) "' [ dk fdt’ sy E(8)pa*E(t’) exp(-iwyq(t-t'))=—ih (T-id). g
Hence the net effect of the coupling betwen state 12> and the ﬂ

continuum, in the adiabatic limit, is the appearance of an
irreversible transfer of energy ( intensity dependent ) from the
bound state to the continuum. Furthermore, there exists an
intensity dependent level shift of ]2). We shall write the
intensity dependence of ' and A as 01 and 6I; respectively. This
result provides the starting point in the derivation of the
density matrix equations. However if the assumption that the
amplitude C, is not slowly varying, then additional complications

may arise which may lead to the existence of two-photon Rabi
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flopping, even in the presence of the continuum. This fact was
pointed out by Kumenov and Perel in their discussion of single-
photon induced ionization. We have carried out similar
calculations for the case of two-photon resonant ionization and
we found that the ionization process can be eliminated for
certain range of the radiation intensity.

Let p;;, p22 and p,, be the population of state |1),
population of state 12> and the optical coherence between states

11> and 12>; respectively. The equations of motion is given by

d py,

ih = VP22 ~ k12 B pay + p1g pay E (5a)
d ¢t
d pa2

ih = =122 - 01 pa2 - 2y E pyp + P21 B12 E (5b)
dt
d py2 7

ih = ~hwyy P12 -ib—— py5 - 412 E ( P22 - P11 ) (5¢)
dt 2

where wy;, = wg + 6I. The set of equations (5) describes the
evolution of the bound systems in the presence of radiation
fields. It is interesting to note that Egs.(5) describe the
dynamics of the model shown in Fig.2. Hence within the

approximations stated above, the dynamics of two-photon
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ionization process can be described in terms of the dynamics of
an open two-level atom,i.e. the atom is coupled with the
continuum which is treated as a reservoir. In the next section we
shall solve these equations and obtain the probability that the

atoms are ionized by means of the two-photon excitation.
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III. SOLUTIONS

The set of density matrix equations have exact .

analytical solutions provided that the following assumptions are X
made concerning the temporal evolution of the radiation field,
the population difference, p,, - p,,, and the optical coherence.
First, the radiation field is assumed to have a pulse duration
that is longer than any response time of the medium. For sake of
understanding of the process of resonant two-photon ionization,

the radiation field is assumed to be cw. Second, the population

difference is assumed to be slowly varying in a time compared to

the smaller of the natural linewidth or laser detuning from

TR TR IS

intermediate resonance. This is just the Rate Equation
Approximation. And last, the laser detuning from resonance is
assumed to be small enough so that one can neglect the Bloch-

Siegert shifts. This last assumption entails making the Rotating

Wave Approximation. y

Taking these assumptions into account, let us write the *
electric field as E = E5 cos (It and the on-resonance Rabi
flopping frequency as Rg = p,, Eg/2h. In the rotating wave 3
approximation, the optical coherence p,, is given by p;,= p;2

exp(ifit) . Then the density matrix equations become

b4
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,,,,,

d p1,

=7 P22 + 1 Rg pp; - 1 Ry* py, (6a)
d t
d P22

= -7 P22 ~ 0 I pyy +iRg* pyy - iRgpy, (6b)
dt
d p;2

+ [i8 + 7/2) py, = 1 Ry ( P22 - P11 ) (6c)
d¢t

Integration of Eq.(6c) and using the Rate Equation and
Rotating Wave Approximations yield the solution for p,,. The
expression for p,, can be obtained by taking the complex

conjugate of p,,. They are given by

i Re Ly2 (P22 - P11 ) (7a)

Pi2

P21 = -i Re® L12* (p2a2 - P11 ) (7b)

XA %



srel

r“ll‘

where L,, = { i8 + 7/2 }-! is the complex Lorenztian lineshape
factor.
Using Eqs. (7a) and (7b) in Eqs. (6a) and (6b) yields a

close system of equations for p,, and p,,.

d p;,

=9 P2 +IRgl1? (P2y - £3y) Im (Lyy ) (8a)
dt
d ps,

= -(7 +0 I)pys -IRgl? (P22 - P11) Im (Ly,) (8b)
dt

where we shall assume that the initial conditions are such that
P11 ( t==® ) = Ng and pgyy ( t=-® ) = 0. Ny is the initial density
of the atoms in the ground state. Im (L,,) standa for the

imaginary part of L,,.

The reduced set of equations (8) has the following exact

analytical solutions
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Ne X
Paa = exp - 5(7 - o0 1 K v sinh( At ) (Qa)
L¥!
Pr1 = Ng - P2z - 0 I [P dt p, (t7) (9b)

where K =|Rg|? Im (L,,) and X,={(y + oI~ K)? - 40IK}!'/2.

Egs. (8) constitute one of the two main results of this
work and they are valid in the regime where the three fundamental
assumptions are satisfied. Figure 3 shows a plot of the temporal
evolution of the excited state population density. It shows that
the population of the excited state achieves a large value within
a short period of time due to the Rabi flopping process. After
that the single photon ionization process takes place to deplete
the excited state population. A nearly complete depletion occurs
within few hundreds of the spo#taneous emission time. Figure 4
shows the temporal behavior of the total population density and
exhibits the nredicted depletion due to the ionization process in
the high intensity regime; i.e. 500 Kw/cm?. However, if the
intensity is restricted to 1 Kw/cm?, negligible ionization takes
place. Hence the integrity of the atomic beam is preserved.
Figure 5 shows the behavior of the total population density for
fixed intensity ( 500 Kw/cm? ) as a function of detuning from
line center. For large detuning the ionization process becomes
small. This behavior is understood in terms of the nonresonant

nature of the detuned laser action. These plots consider the case

of hydrogen atoms that are being ionized by the action of a
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coherent Ly, source The bcundi *rans:.°:..ns are composed of the s
and 2p states of hvdroger The croes se * . or for 1onizatiorn {rom

-

2p to the cont:inuus was assumed tco be of *te order of 10 '® gt

1]

A quantity of i1nterest .:s the resconant twc photon
1ionization rate It was stressed that th:s quantity has an
intuitive physical meaning provided that perturbation theory
holds, 1. e the Fermi's golden rule 1s used 1n the discussion If
we were to approach such a quantity in the regime of saturation

of the bound transition. then the i1onization rate 1s defined as

1 d ( P11 * P22 )
Rion = - (10)
P11 * P22 dt

Using the exact analytical expressions (9), the resonant two-

photon ionization rate is given by

Rion = (11)
X2 Coth(X2t) + (7 + 0l + K)/2X2

It is interesting to note that the rate is time dependent due to
the fact that the exact solutions describe the temporal behavior
of the population density as a function of the laser intensity.

The long time behavior, i.e. as t tends to infinity, is given by
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201K
Rion = (12)
2\, + 7 +0I + K

which is a nonlinear function of the laser intemnsity, contrary to
the results obtained via the perturbation regime. Eq.(12) is the
second of the two main results of this work. It shows that the
two-photon ionization rate reduces to the perturbation results
in the limit of low intensity and zero detuning from the
intermediate state resonance,i.e. the ionization rate is

proportional to I?. While in the high intensity limit the rate

becomes linear in intensity.
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IV. SUMMARY

We presented a theory of resonant two-photon ionization
of hydrogenic-like systems. The analysis shows that exact
analytical results are obtained for the total population of the
atoms and the ionization rate, provided that three fundamental
approximations are satisfied. They are the slowly varying
envelope, rate equation and rotating wave approximations. These
approximations are valid for situations where the laser pulse
duration is long compared to the characteristic times of the atom
and that the laser is tuned near resonance to the bound-bound
transition.

The ionization rate was found to be a nonlinear function
of the laser intensity due to the saturation process of the bound
state transition. It reduces to the result obtained from
perturbation theory in the limit of low intensity. In the high
intensity limit the rate becomes linear in the intensity, which
reflects the fact that the s;turation process plays an important
role in determining the dynamics of the two-photon ionization
process.

In the course of this work, we found that under certain
specific conditions it is possible to change the continuum in
such a manner that ionization does not take place. Preliminary

work points to the criterion that the laser pulse must be short
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enough that the adiabatic condition is no longer valid. In this
case it is not possible to extract C, from the integral in Eq.
(4). It can be shown that there exists a range of parameters (
laser pulse duration and intensity ) such that state |2> does not
experience an irreversible energy transfer. This results implies
that the radiation field has modified the continuum such that the
ionization process does not take place. We shall expose this
subject matter in full detail in another publication.

And last, a brief comment is in order concerning the
role of ionization in the proposed laser cooling of a H beam.
Assuming that it takes of the order of microsecond to achieve a
divergence of the order of urad and the Ly, laser is saturating
the 1s to 2p transition ( for optimum radiation cooling ), then
Fig. 2 shows that a significant fraction of atoms are ionized
during the cooling process. This calculation uses a single-photon
cross section of 10°!® cm? for the transition from the 2p to the
continuum. A more careful analysis of the cross section must be
done in order to assess correctly the role of two-photon induced

ionization on the laser cooling process.
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FIGURE CAPTIONS
Figure 1. The model used to discuss the dynamics of two-photon
resonant ionization. {1 is the frequency of the input

radiation field and 49 is the spontaneous emission decay

-G NN

P

rate. N

Figure 2. The reduced model showing that the net effect of the K
interaction between state |2> and the continumm is to )

introduce an incoherent decay rate 0l and a shift in '

the energy level of the intermediate state.

<,
iy
Figure 3. Temporal evolution of the excited state population s
in the presence of two-photon induced ionization. ¢
Figure 4. Temporal evolution of the total density of atoms in :ﬁ
the presence of two-photon induced ionization :f
The Ly, laser is tuned on-resonance. ;r
\ 1
Figure 5. Temporal evolution of the total density of atoms in :4
the presence of two-photon ionization, for fixed ;j
]
laser intensity. The Ly, radiation intensity is set »
at 500 kW/cm?. )
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APPENDIX C
Velocity-specific atomic-state selection in an atomic beam by
continuous-wave optical pumping

D. G. Steel and R. A. McFarlane
Hughes Research Laboratories, 3011 Malibu Canyon Road. Malibu, California 90285

Received June 28, 1982

Wa present experimental results demonatrating strong velocity-distribution modification in s specific atomic state
using optical pumping between hyperfine split levels. These resuits show that the velocity of 8 specific state can
be defined within 6%, corresponding to & local temperature of 1 K. The velocity-specific-state selection is accom-
plished by using a nearly effusive atomic beam of sodium and a single frequency-stabilized dye laser.

In this Letter we describe experimental measure-
ments demonstrating the use of optical pumping for
-generating an atomic beam with one of the ground states
of the atomic species characterized by a nearly mono-
chromatic longitudinal velocity distribution. Such a
technique eliminates the complications associated with
using a rotating-drum velocity selector.! The results
show the significance of velocity-specific optical
pumping and velocity-distribution modification, which
characterize many nonlinear spectroscopy experi-
ments.?

The proposed basic approach was discussed earlier.*
We have implemented a slight modification to improve
the original proposal, and, for the sake of completeness,
we review the basic principles here. The technique is
hased on the optical-pumping properties of atomic
states split by hyperfine interaction. In these experi-
ments, we used the D, line of atomic sodium at 589 nm.
An energy-level diagram of sodium is shown in Fig. 1,
in which we have included only the 3s 2S,/~3p 2P3p
transition. The total angular-momentum quantum
number F is the sum of the nuclear spin (] = 3/2 for
%'Na) and the particular J value for the given level.
The various hyperfine splittings are shown in Fig. 1.
For these transitions, the relevant dipole-selection rules
are AF = 0, 1. Hence we see that an atom in the Ip
2P, /2( F = 3) state can decay by spontaneous emission
only to the 33 2S5 4(F = 2) state. Similarly, an atom in
the 3p 2Py/o(F = 0) state can decay by spontaneous
emission only to the 3s 2S,4(F = 1) state. However, the
3p 2Pyo(F = |) state and the 3p 2Pyo(F = 2) state can
decay spontaneously to either of the 3s 25,5 ground
states. Therefore an atom initially in the F = 2 ground
state that is excited to the F = 2 or F = ] upper state can
end up in the F = ] ground state. Hence, by optical
pumping, the entire atomic population can be trans-
ferred from the F = 2 ground state to the F' = 1 ground
state. In Fig. 1 the transitions that are not amenable
to optical pumping are shown with solid lines, and the
dotted lines show transitions that can be optically
pumped. By an appropriate arrangement of optical
frequencies and geometry, it is possible to convert the
original broad velocity distribution of one of the ground
states to a narrow velocity distribution. To see how this

is accomplished, we consider the optical-pumping
scheme shown in Fig. 2. The energy-level spacing in the
ground state is sufficiently small that one can assume
that both ground states are thermally populated. We
consider an optical-beam arrangement in which the
atomic beam is sufficiently collimated that we need not
consider any transverse velocity effects. We further
assume that the initial longitudinal velocity distribution
is thermal. The optical-pumping-induced velocity-
distribution modification is a two-step process. The
first step requires the frequency of a laser beam prop-
agating perpendicular to the atomic beam (to avoid
Doppler effects) to be resonant with the 3s 2S,,(F =
2)-3p 2Py5(F = 2) [or 3p 2P3s(F = 1)] transition (e.g.,
transition A of Fig. 2). Assuming that the laser inten-
sity is comparable with the transition-saturation in-
tensity (given by hw/oT|, where ¢ is the absorption
cross section and T, is the upper-state lifetime) and that
the trangit time is long compared with T, the atoms in
the F = 2 ground state will decay eventually to the F =
1 ground state, where they will no longer be resonant
with the laser light (being out of resonance by some 1700
MHz2). The second step in the velocity-distribution
modification process is to pick a velocity class (i.e., a
group of atoms moving within some velocity Av about
v) in the F = 1 ground state and transfer it to the F =
2 ground state. This is accomplished by taking ad-
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Fig. 1. Energy-level diagram for the D, line of atomic sodium
at 589 nm showing the hyperfine splitting.
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dye laser to be used as the radiation source for future
experiments on the prepared monochromatic atomic
beam. For those experiments, the dye laser is operated
in resonance with the 3s 2S;(F = 2)-3p 2P5(F = 3)
transition. Hence these experiments were performed
with the laser tuned to that resonance. The frequency

L IR N,

offset for adjusting the laser frequency to be in reso- "
a nance with the 3s 2S,5(F = 2)-3p 2P3(F = 2) transi- -
‘L tion was provided by an acousto-optic modulator tuned .
- to 59.6 MHz. The downshifted optical beam was di- "
rected into the atomic beam at 90° to the direction of >
atomic-beam propagation. This beam transferred
. n:aril‘y all the posuhtion o';lt;he F= iground state into -
ig. 2. Left, atomic-energy-level scheme showing the opti- the I = 1 ground state. The second step was accom- ::C
:;f,pumpin:'mu,me for ';‘,{wi,y selection. Righ: xeom:t.ry plished by taking the original laser beam [tunec_i to the )
for the optical-pumping laser heam and the velocity-selection 3s 2S1/2(F = 2)-3p 2Paa(F = 3) resonance] and directing -
laser beam. it to intersect the atomic beam at 45°. Atoms moving o
at roughly 1.4 X 105 cm/sec will see this beam as being e
on resonance with the intermediate transition given by
L . 3s 281 p(F = 1)-3s 2S1/2(F = 1) [or 3p 2Py3(F = 2)]. o
vantage of the longitudinal Doppler shift. A beam of These atoms will be pumped into the F = 2 ground N
light at frequency w is directed at some angle ¢ with state. In this manner the atoms in the F = 2 ground ™
respect to the atomic beam. In this case, we want to  gtate are all moving at nearly the same longitudinal o]
choose a specific velocity group such that it is in reso- speed. o
nance with the laser on the 3s 25, 5(F = 1)'3P.2P a2(F To verify the resultant velocity distribution experi- ToN
= 1) [or 3p 2Pyp(F = 2)] transition at wg’ (or wo"). The mentally, a second frequency-stabilized tunable dye L&
resonance condition is given by w — wo — K- v = 0, laser was directed along the axis counterpropagating to o
where K is the K vector of the laser beam, wo = wq’ or the atomic beam, as shown in Fig. 3. A photomultiplier N
wo”, and v is the atomic velocity of the velocity groupwe  detected the scattered fluorescence from the second -~
wish to excite. When w satisfies this resonance condi- laser at a position downstream from the optical- w4
tioq. all atoms .m'oving in Fhe velocity group v will be pumping and velocity-selection region. In the absence ;:;..
excited. Transition B of Fig. 2 shows an example when of any optical pumping or velocity selection, we expect “
wo = wo”. Assuming again that the laser intensity is 4 double-humped fluorescence spectrum as the laser is -,
comparable with the transition-saturation intensity, we tuned through the resonances. The data are shown in N
find that those atoms excited will eventually decay back Fig. 4(a). The first peak is the Doppler-broadened ~r
to the F = 2 ground state, where they will be out of  gpectrum corresponding to all transitions originating oy
resonance again by some 1700 MHz. At this point, the out of the F = 2 ground state, and the second peak e
velocity distribution of the F = 2 ground state has been corresponds to the F = 1 ground state. These peaks are N
modified from a broad thermal distribution to a narrow separated by approximately 1700 MHz. Figure 4(b) @
distribution moving at velocity v. An example of the shows the effect on the fluorescence spectrum as the i
geometry is shownin Fig.2. optical-pumping beam is turned on. The peak corre- e
The width of the velocity distribution is limited in sponding to the F = 2 transitions is reduced while the PAE
principie by the natural linewidth of the transition, i.e., peak corresponding to the F = 1 transitions is increased. Ik
the beam will pump all atoms whose velocity for a given Because of the geometry of the probing beam and the )
w and wy satisfies the inequality jw = wo - K- 0| <y, fact that the probe beam was larger than the optical- -
where 27 is the transition linewidth (FWHM in ra- pumping beam, not all atoms that are probed have been ./
dians). In this particular example, this limit cannot be pumped. Hence the F = 2 level does not appear to be AN
realized because there are two optical-pumping tran-  complietely depleted in these data. However, a Bk
sitions involving both the F'= 1 and F = 2levelsinthe ranqverse probe beam (not shown in Fig. 4) is capable e
upper state, yielding, in principle, a velocity doublet. If of measuring the remaining population (with the loss
their frequency separation is given by 4, then the best WA
longitudinal monochromaticity that can be realized is . .
estimated by replacing -y with 4 in the above inequality, A
showing that the beam monochromaticity should be of Y
the order Av/v ~ 8/(w = wy), where d is in radians. For e
these experiments in sodium we estimate that the soojm ovex
minimum Av/v is of the order of 3% [for w tuned to the ‘-::-'
3s 2S,o(F = 2)-3p 2P32(F = 3) transition). rowe AN
The experimental configuration to demonstrate this —_— o
behavior is shown in Fig. 3. The two-step process is \_9‘;'
accomplished with a single stabilized tunable dye laser DA
tuned to 589 nm. This technique was developed not COLLMATOR vt
only to enable a single dye laser to accomplish the ve- Fig.3. Experimental configuration for optical pumping and S
locity-distribution modification but also to allow that velocity selection. l:;:\j
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Fig. 4. Prube scan using the second dye laser to monitor the
Doppler-broadened fluorescence spectrum.  (a) The spectrum
obtained with no uptical-pumping beam or velocity-selection
heam present. The double hump, separated by roughily 1700
MHz, is due to the hyperfine splitting in the ground state. (b)
In the presence of optical-pumping beam A (see Fig. 2), we
ohserve a depletion of the F = 2 ground state and an en-
hancement of the F = | state. (c) Fluorescence spectrum in
the presence of both the optical-pumping beam and the ve-
locity-selection beam. The spike on the low-frequency side
shows the clear evidence of state-specific velocity selection.
A high-resolution display of this peak shows a width of 90
MHz, corresponding to a velocity homogeneity of 5%.

of velocity resolution) and shows nearly complete
transfer of population from level 2 to level 1. Figure
4(c) shows the effect on the velocity distribution when
the velocity-selection beam is turned on at ¢ = 45° with
respect to the oncoming atomic beam. A strong peak
is ohserved corresponding to atoms in the 1.4 X 10%-
cm/sec velocity group. A high-resolution display of this
peak shows a width of 30 MHz, implying a velocity ho-
mogeneity of 6%, in good agreement with the estimates
given above. The equivalent local temperature is of the
order of 1 K. T_he velocity homogeneity was limited by
puwer broadening and diffractive divergence of the
velocity-selecting optical beam, thus eliminating the
pussibility of observing the velocity doublet.

The amplitude of the velocity peak is larger than
expected based on the data of Fig. 4(a) because of op-
tical pumping effects caused by the weak probe beam
in collinear geometry® When a transverse probe is
used, the incressed signal amplitude is in agreement
with that expected from the transferred population that
is due to the velocity-seiecting beam.
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In these experiments we have demonstrated the ef-
fects of velocity-specific atomic-state selection by op-
tical pumping. By incorporating an acousto-optic
modulator, we have been able to accomplish the velocity
selection while the laser is tuned to 2 nonoptically
pumped transition. Hence additional experiments may
be performed by using this atomic beam and the same
laser with the laser directed toward the atomic beam at
90*. This eliminates the problem of using the laser
tuned to an intermediste transition and then per-
forming the experiments on the pumped transition by
adjusting the angle of the beam away from 90°, as sug-
gested by Stroud.* This is important for experiments
in which standing-wave effects occur, such as in the
optical Stern-Gerlach effect.5-7 which we are now ex-
amining. The same laser can now be used to replace the
classic hot-wire detector used to measure atomic-beam
profiles. Since this laser is tuned to the 35 25, 4(F =
2)-3p 2P3n(F = 3) transition, it can be used as the
atomic-beam detector downstream. In our experi-
ments, the laser is focused to less than 30 um by using
a cylindrical lens and is mechanically scanned to provide
the transverse profile of the atomic beam. Because of
the frequency resolution, it samples only atoms in the
F = 2 state. A photomultiplier is then used to detect
the side-scattered fluorescence. In this manner high-
speed atomic-beam detection is accomplished with
spatial resolution comparable with that obtained using
a hot-wire detector with considerably increased band-
width and none of the difficuit technological problems
associated with hot wires.
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for helpful suggestions and reading of the manuscript,
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technical expertise. This research was supported in
part by the U.S. Air Force Office of Scientific Research
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APPENDIX D

H~ PHOTONEUTRALIZATION

R. S. Turley
Hughes Research Laboratories

Brookhaven Neutralizer Conference
June 5-6, 1985
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H™ Photoneutralization

Photoneutralization presents an attractive alternative for
neutralization of H beams because of the possibility of
drastically decreasing the divergence of the resultant neutral
beam. Advances in laser technology make photoneutralization
increasingly attractive from the point of view of space and power
requirements as well. One of the traditional difficulties
associated with weapons use of photoneutralization is the
process’s low cross section. This presentation presents scme
ideas for overcoming this limitation. Assessment of the
technical feasibility of these techniques require experimental
studies which should be initiated shortly.

The first possibility I will address for enhancing
photoneutralization cross sections is to take advantage of two
resonant structures in the cross section near the n=2 threshold
of atomic hydrogen, a Feshbach and a shape resonance. The
Feshbach resonance is located just below the n=2 threshold and
has a cross section which is predicted to be about 300 times the
background cross section at that energy. While it has been seen
experimentally, previous experiments have insufficient resolution
to determine details about its height and width.

The second resonance of interest is the shape resonance which
peaks about 31 meV above the n=2 threshold. Although its cross
section is predicted to be below that of the Feshbach resonance
by about an order of magnitude, calculations indicate that this
reaction strongly favors leaving the residual hydrogen atom in
the n=2 scate, ¢iViﬁg the ejected electron a recoil energy of
only 31 meV. Beam sensing is then possible at visible
wavelengths via the 2p to n=3 transitions. Additionally,
divergence due to the recoiling electron is extremely small.
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A third technique which should be investigated is the

possibility of electric and magnetic field induced resonances.

When the hydrogen ions are placed in an external field,
metastable excited states above the ionization threshold become
possible. Since the transition becomes bound-bound rather than
bound-free, the wave function overlap (and hence the cross
section) is expected to increase substantially. Using an
external magnetic field has a possible drawback of the fringing
fields introducing a twisting motion in the beam which may add to
beam divergence. This could be circumvented by using an electric
field instead. Detailed study of electric field induced
resonances needs to be done before more can be said about the
details of this enhancement. _

In conclusion, photoneutralization of H beams promises to be
an attractive long-term alternative to other NPB neutralization
techniques. This process presents the possibilities of lower
contributions to beam divergence. The disadvantage of low cross
sections which require large laser powers may be offset by
successful utilization of resonant schemes which can enhance the
cross section substantially. Detailed investigations of these

processes should begin immediately so that the technology can be

tested, understood, and developed if feasible.
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-~-High Power Narrow badn tunable VUV source

-~Hydrogen Beam_Facility

2) Resonant Photoneutralization
--Feshbach Resonance
-~Shape Resonance

3) Field Enhanced Photoneutralization

4) Summary
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FESHBACH RESONANCE

--Relatively Large Cross Section

--1s Final State

10 eV e  recoi. produces Surad divergence in 200 MeV

beam

-~Previous Work
electron scattering

LAMPF experiments

-=-Future VWork
High Resclut:on studies

Resoive other states
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SHAPE RESONANCE

--smaller cross section

:
¥
F
‘.
~-lower divergence

: R
0.3 urad with a 200 VeV H ‘
$

--previous work
.‘
Bryant, et al. (LAMPF) .
~
”
"
--need branching ratios \
n=2 to n=1 ot
1=1 to 1=0 (n=2) :
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SUMMARY

--Feshbach Resonance

High cross section / highest divergence

--Shape Resonance

Lower cross section / lower divergence )

--Field Enhanced Photoneutralization

7772

NOTE: studies can be done now on a benchtop with existing

laboratory. equipment!
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